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PREFACE. 

The snljjcct ■ treated in the present volume is one which 
has had a remarkably rapid growth. Its wonderful develop¬ 
ment has taken place within a comparatively few years and 
consequently U]) to the present the study of it has been con¬ 
fined almost enlirc'ly to the realm of research. The funda¬ 
mentals of the subject however have now been pretty thor¬ 
oughly investigated and placed on a somewhat definite working 
basis and it is felt that it has reached the stage when it may 
with advantage be introduced, to some extent, into the regular 
leclure and laboratory courses of the colleges. The investiga¬ 
tions in the subject of gaseous ionization in general have' 
increased our knowledge of physical phenomena, especially in 
c.cmnection with electricity, to such a marked degree and have 
attracted such widc-sju'ead attention that we believe every 
student of physics ought to have at least some knowledge of 
the facts in this connection. Since, as far as we know, there 
did not exist what may be called any regular college text¬ 
book on the subject, or manual describing an experimental 
course, suitable for the less advanced student or undergraduate, 
Ibe ])rescnt text-book was undertaken. We therefore hope 
that it may find a place and fill a growing need in a compara¬ 
tively new field. 

Owing to the existing conditions in connection with the 
subject, the plan of a combined text-book and laboratory man¬ 
ual ha.H been ado])le(l as one which seemed to be most useful 
to the student in general. Our aim has been to present in 
simple form the fundamental facts and explanatory theories 
accompanied, where possible, by the dcscri])tion of suitable 
experiments to be performed in the laboratory so as to enable 
the average student to gain a working knowledge of the main 
facts and ])rinciples of the subject without going too much into 
details, and to form for those wishing to continue the work a 
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In most cases the results 1(5 he expected ftniu tlu* expeii- 
ments are given so that the student may know wliat to look for, 
as in this class of cxperiinenls, jji’uhahly more than in almost 
any other, the inexperienced are apt l<i he led astray hy I'rro- 
neous results which arise from incorrect manipulation or want 
of proper precautions. In addition, this pl:m allows the honk 
to be used as an ordinary li'xt hook without actmdly pciiorm 
ing the experiments, if S(5 desired. 

To aid in selecting the experiments from the rest of the U'xt 
a complete list of them is given at the heginning of the Itook 
and the more difllcult ones are indicalt'd therein. 1 hi' latter 
experiments may with advanltige he omitted front an elc 
mentary first course. .Mven in the ease of the more elemc'niarv 
experiments in a great many instances they do not mress.-irily 
depend upon the preceding ones and cttnstnim'nlly the in¬ 
structor may easily make, a selection, wdthont hreaking the 
continuity, to fill the need.s of a class retpiiring a .shitrler 
course. 

As the methods reeptired in the experiments in this class ol 
work are different from those of any other ami a large por¬ 
tion of the apparatus has to he sjteeially made, tin' deserip- 
tions of methods and apparatus have been given in soiiu* detail 
and a lengthy chapter, namely (lhapl(T IT, ha.s heen devoted to 
general descriptions along this line. In this ciiimeetion we 
have also had in mind research .students hegiiiniiig this type 
of work as it is found that they usually ctuviunter dinieultic.s 
of this particular nature at the outset. 

On account of the continual development of the .snhjeel 
numerical values of constants, etc., frecpiently siilTer eliaiige 
owing to improved methods of delcrminalion. In these cases 
an endeavor has been made to give such values as are generally 
accepted at the present date. 

My thanks are due to Mr. G. Dunn, of llie Dhysie.s Iluilding 
in McGill University for kind as.sistaiicc in preparing sosne 
photographs for illustration. 

R. K. McCi.uno. 

Winnipeg, Man., 

November, 1909 . 
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. PART ir-T-: 
CONDUCTION OF ELECTRICITY THROUGR GASES. 


CHAPTER 1. 

INTRODUCTORY EXPERIMENTS ON ELECTRIC 
DISCHARGE. 

1. Introduction.—Ordinary gases under normal conditions 
are practically non-conductors of electricity. When however 
a difference of potential is established between two points in a 
gas a state of strain exists in the gas which increases with 
increase of potential until the gas, no longer able to withstand 
the strain, breaks down and a discharge of electricity passes 
between the points, either in the form of a brush discharge or 
a more violent disruptive spark. The potential necessary to 
cause such a discharge is comparatively high, several thou¬ 
sand volts being required to produce a spark of one centimeter 
length in air at atmospheric pressure. The potential required 
depends upon the nature and the pressure of the gas and the 
shape of the electrodes. As the ordinary spark discharge 
forms a. connecting link between the general sub]"e_ct of elec¬ 
tricity (with which all who read this are supposed to be famil¬ 
iar) and the more particular one of the conduction of elec¬ 
tricity through gases, and since the effect of gas pressure on 
this 'discharge has played such an important part in the devel¬ 
opment of our subject, we will beg^n with a few introductory 
experiments thereon. 

2. Brush Discharge— Attach a pair of combs, consisting 
of a set of sharp needle points as shown in Fig. i, to the poles 
of either a Wimshurst machine without any Leyden jars, or 
an induction coil. Excite the Wimshurst machine or indue- 



tion coil and observe in a darkened room Ibe f^low surround¬ 
ing these points in the air. t Hiserve Ihe in- 
Hi crease of this glow or l)rnsli ilisehargv with 

~ increase of voltage, 

^ Spark Discharge from Induction Coil, 

Z: —An induction coil ca])al)le of giving :i 

^ maximum spark of from J5 to 30 lan. wili 

))e found snitalde for these experiiiu-nls 
although a slightly smaller one will seuwe the ]nirposi’. 

(a) In a darkened room cause a spark to pass helwiam llu: 
terminals, either ])ointed or spherical, of the st-eondarv of llu 
induction coil. Adjust the current in the i)rimarv and, slarlinfi 
with a spark length of a centimeter or two, gradually increase 
the spark gap and observe carefully the nature of (he sp:irl< 
produced in air at the various stages. ()bserve the irregnlaril) 
of path as the length increases. 

(&) Closing the make-and-break attaelunenl of the induc¬ 
tion coil pass an alternating current through the primary am' 
observe carefully the nature of the discharge between (he 
terminals of the secondary. Compare this discharge with lhal 
obtained from the direct current and observe carefully tlu 
difference. 

4. Relation Between Length of Spark and Potential. 'W 
determine experimentally the relation betwemi the length ol 
a spark in air and the mininiiini potential neeessary to [irodma 
it, the following apparatus will 1)e found convenient: (1 ) .^ 
small two-platc Wimsliur.st in( 1 uence machine having plate- 
35 to 40 cm. in diameter; (2) a battery of eight tn- ten l.eyder 
jars, each of a capacity of about 1500 eleelntsl.alie miils 
(3) an electrostatic voltmeter with range extending frt.m jik; 
or 300 volts to about 30,000 volts; (4) an adjnslahle sparb 
gap with spherical terminals mounted ,so that (he distanet: 
between them may be adjusted and determined aecnrately h}) 
means of a fine screw adjn.stmcnt. C onuect the dilTerent parH 
of the apparatus together as indicated in h'ig. 2, See that ihti 
terminals of the spark gap arc clean and well polished. After 
the passage of each spark repoHsh tliem with a piece of cliatm 



Ulb iCaLUCi, cL^ tuv.: ^pclJLlv uv:c:>Liu^b liiv: puiit»iicu &lu iciuv.: cll liiv:; 

point where it passes. Keep the terminals also free from dnst 
or moisture. Place the terminals of the spark gap in contact. 



This may he dctcrminecl with certainty by observing the volt¬ 
meter, for it will read zero even when the Wini.shnrst machine 
ivS working if the spheres are in contact, since there is no poten¬ 
tial difFerence between them. Separate the terminals a small 
fraction of a millimeter and very slowly turn the influence 
machine and carefully watch the movement of the voltmeter 
needle until it suddenly returns to zero when a spark has 
passed. Ob.servc this maximum reading of the voltmeter and 
also the length of s])ark gap as indicated by the screw attach¬ 
ment. Gradually increase the length of spark gap by small 
stages and observe the potential necessary to ])rodiicc a spark 
in each case. Then plot a curve having lengths in centimeters 
for abvscissae and corresponding voltages for ordinates. 

5, Effect of Pressure on the Electric Discharge,~The pres¬ 
sure of the gas has a very marked effect on the appearance 
and nature of the electric discharge through it. To study this 
the discharge must take place within an air-tight glass vessel. 
A glass discharge tube suited to tliis purpo.se is represented 
in Fig. 3. This consists of a straight glass tube about 4 cm. 
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in diameter and from 30 to 40 cm. in Icn^lli into the ends ol 
which platinum electrodes are sealed, and to these aia' altai'hei 
metal disks. Alumiuiiiiu disks are eery snilahle. 'hi llu' sidi 
tube, a, connect an air ]mnip and a nianoineler to inrasure llu 

jiressure within the tulu’ 
('onneel the eli'clmdes ir 
(he tenuiiials of a W'iius' 
hurst inaehine or an indue- 
3. tion coil. (iradually lowei 

the ])ressurt' and carefullj 
ob.scrvc the change in ap])earance of (he dischargi* within (In 
tube as the pressure changes. Ohsi'rve also, by means of j 
voltmeter, the diminution in potential necessary to produce tin 
discharge with decrease of pres.surc. 

At first the spark becomes more regular and uniform helweei 
the elcctrodc.s, then broadens out and assumes a fuzzy apfieaD 
ance of a blui.sh color. Observe carefully tlu' marked appear¬ 
ance of the di.schargc when a j)ressure of about half a niilli' 
meter is reached. The negative electnxle or ealhoile will h( 
found to be covered with a thin layer of hnninosily; nest It 
this will be a dark space which is called the Crookes darl 
space; immediately beyond this wall he a luminous jiart eallet 
the negative glow, and beyond this again a secotnl dark regioi 
sometimes called the luirailay dark sp.acc'. The hiiniutnii 
region between this point ami the positive electrode or aiiotk 
is called the positive column. 1 f the pressure at this stage hi 
adjusted slightly over a very small range and also if the curren 
through the tube be varied slightly the positive column wil 
divide up into alternate light and dark spaces which are callec 
striae. The ap])earance of these stria* depend.s on a variety 
of conditions of i)res.sure, current, size of tube, nature o 
gas, etc. 

If the discharge be made to pass for any lenglli of timi 
through the tube the gas pressure will increase slightly, 'hhi 
will be especially marked in the case of a new tube which ha 
not been used much before. This is due to the escape ol thi 
occluded gas from the walls and electrodes. Repeat thes* 




experiments, using other gases in the discharge tube and com¬ 
pare the results with those obtained for air. 

6 . Effect of Altering the Position of the Anode. —Repeat 
these experiments, using a discharge tube similar to the above 
only of greater length, about 8o to lOO cm., and having an 
adjustable anode so that the distance between the electrodes 
may be varied. Such a tube is shown in Fig. 4. The anode 
consists of two aluminium disks, fastened together by a cen¬ 
tral aluminium rod and fitting loosely in the lube so that it may 









slide along inside the tube. Attached to the bottom is a 
piece of soft iron so that the, anode may be moved along the 
tube by means of a magnet from the outside. The anode is 
connected to the platinum wire at the cud of the tube by 
means of a very light llcxible coil of wire which simply makes 
connection but is not strong enough to move the anode. 

Observe the relative proportions of the space between the 
electrodes occupied by the different sections of the discharge 
for different distances between the electrodes. Note that when 
the distance between the electrodes is greater than a few cen¬ 
timeters an increase of distance does not cause any increase 
in length of the negative glow or dark space, hut the increase 
takes jilace entirely in the positive column. 

Using a discharge tube of the form shown in Fig. 5 in 
which the anode is placed in a side tube instead of in a direct 
line with the cathode, observe the appearance of the discharge 
at the pre.ssurc of about half a inillimeler. Note how the 
positive column bends into the side lube but the position of 
the negative glow does not alter, if the side tube is not too 
far from the. cathode and the pressure he lowered somewhat 
the negative glow may even extend iti a straiglit line beyond 
this side tube. 






6 INTRODUCTORY EXPERfMKNTS ON HI.KCTRIC IHSCHAROK 

7. Cathode Rays.—Using the iuhc shown in I-'ig. 5 lower 
the pressure still more and caiefully ohsetvc the tlKUigt. of 
appearance until, in the neighborhood of one huiuliedth tjf .1 

millimeter, a new phenomenon 
makes its appearance. 1'he posi¬ 
tive column will begin to disap¬ 
pear and a liglit phosphorescence 
will make its appearance on the 
walls of the tube. 'Fhe color of 
this phosphorescence will depend 
upon the nature of the glass; if the tube is made of ordinary 
soda glass the phosphorescence will he of a greenish yellow 
color, while in the case of lead glass the color will he blue. 
This phosphorescence appears to he produced by streams of 
very minute particles issuing normally in straight lines from 
the cathode. They are conse(|uenlly ealled cathode rays and 
have remarkable properties, d'hese properties will be tlis- 
cussed in Chapter III. 
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APPARATUS AND GENERAL METHODS. 

8. Tlic study of the conduction of electricity through gases 
and radio-activity during the last few years has developed a 
particular class of measuring instruments and methods of 
mcasuremenl particularly suited to this class of work. The iii- 
slruments which are used in this ])ranch of physics were, for 
the most part, well known in principle long before the ques- 
ticjii of conductivity in gases was studied, but within the 
last few years they have reached a much higher state of per¬ 
fection and utility. As some of these instruments and the 
methods of measurement used in this subject present many 
I)ecuHanties—sometimes of a rather troublesome nature— 
which one does not lind in any other class of physical measure¬ 
ments in the laboratory and which are not usually given in 
text-books on the subject, nor even in the (udginal papers, and 
which often occasion considerable, trouble and loss of time to 
one beginning the subject, a somewhat detailed description 
of apparatus and general methods of procedure will be given 
in this chapter. 

9. Small Accumulators.— -One of the most necessary parts 
of the etiui])menl for this work is a 
perfectly relialde source of potential 
which may he adjusted at will from 
a few volts to six or eiglit hundred 
volts. 'I'his range will serve for most 
purposes, although it will be found 
Cf)nvenient in .some case.s if the range 
can be extended l(’> a thousand volts. 

This .steady potential is best obtained 
frotn a .set of stnall accumulators. 

Since the current to be drawn from 
this .steady voltage is never, except in very rare cases, more 
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than a very small fraction of an ampere, the sloraj^e cells used 
to furnish it need not he of large capacity. 'They are identical 
in principle with the ordinary large accnnndators and are 
usually made of plates of about i8 to 20 sep on. in area con¬ 
tained in correspondingly small glass vc‘ssels. 'riu-rc are dif¬ 
ferent varieties of these small cells furnished by dilTerent 
makers. One very convenient type is shown in I'‘ig. 50 on tlu' 
preceding page. 

These cells'should be set up in wooden tray.s, lim-d with 
insulating material such as mica, in .small lots in series of not 
more than ten or twelve, with their terminals cotmeeted to 
metal mercury cup.s, and these se])arate lots may be combined 
in larger trays so that any number may hi' readily connectetl 
temporarily in series as desired. 

The care of these cells is a very imptulant factor in gaining 
efficient service from them. They should he kept in a closed 
cabinet to preserve them free from dirt, hut tliis cabinet 
should be so arranged that each small lot can he separately 
disconnected and removed .so as to l)e attended to individually, 
as connections and individual cells arc very apt to go wrong 
through corroding, breaking and other causes. Lead wires 
covered with rubber arc usually more satisfactory as perma¬ 
nent connectors than copper or other metal, 'riie cells .should 
be kept clean and well insulated. They .shf)uld he ke[it charged 
up to their full voltage and never under any eireumslances 
should sufficient current be drawn from them to cause them 
to fall more than 12 or 15 per cent, below their normal voltage 
before recharging. They ought to he charged regularly, ami 
even when they are not ii.sed for a consideralde lengtli of time 
it IS advisable to discharge them slowly through a .suitable 
lesistance at intervals and recharge lliem again during tlu* 
time they are idle. Care should he taken to charge (hem at the 
proper rate, as too large a charging current is apt to injure 
them. The charging rate is usually furnished bv the maker.s 
with each particular type of cell. 

Since the voltage used in most ca.scs is (piite large, extreme 
care should be taken to prevent a short circuit of the ceils, a. 



to other valuable apparatus involved. 

If these precautions are observed and the cells given careful 
attention they should present no difficulties. 

10. Quadrant Electrometer.—In most text-books, even of a 
somewhat advanced nature, the ciuadrant electrometer is usu¬ 
ally dismissed with a more or less brief description and conse- 
(|uenlly is not as well known in detail as it might be. It is 
also somewhat neglected in many laboratory courses. As the 
use of the instrument is so extensive and important in the 
class of work in hand, and as it has the reputation, not wholly 
undeserved, of being a difficult and troublesome instrument to 
use, a somewhat detailed account will be given here. 

'’J'he electrometer consists of the following essential parts 
which are common to every type: A circular metal box, fixed 
in a horii'oulal position and having a small vertical central 
hole through it, is divided by very narrow .saw cuts into four 
(luadrants as indicated in log. (i. ICach of these ciuadrants 
rests on an insulating support. Within these (piaclrants, mid¬ 
way between the upper and lower plates, is su.siiended by a 
very light fiber suspension a flat 
dumhhell-.shaped needle made of 
aluminium or other light con- 
dueting substance. 'The diag¬ 
onally opposite tiuadrants are 
connected together as shown in 
h’ig. f). If the needle is hung 
symmetrically with regard to 
the niiadrants as shown in the 
diagram, and if it is charged to 
a positive potential and a dilTer- 
enee of potential he estalilidied between the twf) jiairs of 
fjimdrants, the lu'etlle will he attrarled by one pair and repelled 
by (he other pair and will rotate in a horii^cmlal plane. The 
amount of attraetion and repulsion will depend ujitju the dif¬ 
ference of potential helween the (juadranls and the potential 
of the needle and c«mse«iuently the amount of rotation of the 
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needle will depend upon these factors anti also iiik)u the 
torsional rigidity of the suspension. 

The remaining parts vary in dilTerenl types of iuslruiuenls. 
In the older forms and even in some of the niodern types of 
instrument the needle is connected to a small condenser usually 
in the form of a Leyden jar to incre.ase tlu* ca[iaeity of the 
needle, so that any small leakage of (he charge from tlie needle 
will not alter its potential as much as if its capacity were 
small. Connection between llu* neetlle and inside t'oaling of 
the Leyden jar is made by allowing the central rod of the 
needle to extend below the (inadranls and dip into sulphuric 
acid contained in the F.cydcii jar. 'I'lic acid rds(t acts as a drying 



apnt to keep the instrument free from moisture. If the wirc 
dipping into the acid is bent into a small loop ns shown in 
Fig. 7 the acid also serves to damp the motion tif the needle 
so that it may turn more slowly and at a uniform speed when 
the quadrants are receiving a charge at a uniform rate. 
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There arc difficulties connected with this Leyden jar. It is 
very difficult to secure perfect insulation between the coatings 
for large charges on the needle and its potential does not there¬ 
fore remain constant, which is a serious drawback in accurate 
measurements. A more satisfactory form of condenser, de¬ 
vised by Strutt and shown in Fig. 7, in which the dielectric 
is ebonite or sulphur-—-which arc much better insulators than 
gla.ss-~may be used. A circular plate of ebonite about i cm. 
thick and 6 or 7 cm. in diameter is recessed until the central 
part is only about 0.5 mm. thick. It rests on a metal plate 
coimecled to earth and another metal plate c fits into the 
recess. 'J'o make contact between this plate c and the needle 
a small glass vessel containing sulphuric acid, into which dips 
the rod of the needle, rests on this plate and a wire d makes 
contact between the acid and plate. If the surface of the 
ebonite deteriorates it may easily be cleaned by removing the 
surface by fine emery paper or by scraping. 

The snliihuric acid in any of these forms of condenser often 
presents a troublesome difficulty. After standing for a con¬ 
siderable time a film forms on the surface and the surface 
tension between this film and the rod of the needle affects the 
motion of the needle in a troublesome manner. This may be 
overcome by stirring the acid thoroughly or by renewing it. 
As the acid absorbs moisture rapidly care must be taken that 
it does not overflow the vessel and ruin the instrument. 

To secure setisitiveness in the instrument the needle should 
be made as light as |H)ssible con.sistent with rigidity. It may 
be made of thin aluminium just thick enough to maintain its 
shape rigidly or it may he made of i)ai)er silvered on the sur¬ 
face to make it conducting. Many of even the older types 
of Instrument tuny be made (}uite sensitive by fitting them with 
a light nectlle. The needle slundd he perfectly .symmetrical 
in shaj;)e. 

The .susiieimioii for the needle .should be very light if great 
seusilivene.s.s is ret(uired. The mo.st .satisfactory non-conducting 
.suspensitms are fine tiuart/. fibres, 'riiese can either be made 
in the laboratory or may be ohtaituHl from instrument makers 
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in different grades of tliiekiiess. 1 Iu‘ fibre' iiiiiy bi* ullaclu'tl 
at the ends to the metal parts of the iiistrmiu-iit by a minute 
portion of hard wax. Care must Ik* olise-rvi'd that tlu* wav 
used is of a comparatively rigid nature* ^o ns to pre-vent any 
movement at the joint when the snspc*m.ion is under torsion. 

To communicate the charge tee the* iiisulale-el tie'ealle* it is 
convenient to use a wire //' (lug. 7), passing, tlireuigh an 
ebonite plug in the top of the instrnnie*ut ami lu'ut twice’ at 
right angles, .so that the le)we’r arm may be* tniiie'd round in 
contact with the stem of the lU'etlle. 'I'lu* uppe*r arm e*au tlu*u 
be placed in cemlaet with a set eef small aeeinuulatot s or olbe*r 
source of potential. 

To maintain the i)e)tenti:d of the lU'e-dle e*einsiaut ue* we>ulel 
strongly recommend using a ceendneting snspeu-aeni im-te’ad ed' 
the in.sulating cpiarl/. by means of which the* lu'e'eile* can he- kept 
permanently connected to a set of small accuumlator’. eir either 
cells. A very light jdiosphorderem/e* galvamifiu*trr ’umiu’tn.ieiti 
will be found very satisfactory. 'I'lie jeotential «d' the* ne-e’dle* 
may thus 1)C kepi ])orreclly cein.stanl ami may he aheied Iw any 
definite amount at will and the .sensitive'ne*ss may lie* maiiilaiiieil 
the same day after day. Using this methiKl the e-onde’m.e-r m.iv 
be discarded and all the accompanying dinienhie-s ed‘ immla 
tion, etc., eliminated. 

The mathematical tbeeu*y of llie electreiuieter ge'iu'ially feuiml 
in text“books is somewhat faulty, d'he result is UMiallv givt*n 
about as follows; If K,, and are the pote*iitiab. of the* 
two pairs of ([uadrants and the lU'e’dle respei*tive’ly, ami /* is 
the torsional couple for a delleetion eif unit angle*, tlu*!i feir :i 
deflection d the relation given is 

Fe:=.a{v,^v,)\r, iij\ ( r,)\, 

where a is a constant, ft follows from this that if l\ he very 
large compared with both ]\ and I', then hjl\ [ f .) uiav 
be neglected and 







([uaclraiils the dcnoclion 0 will be pn)pt)rtic)iial to the potential 
of the needle. It is found however by observation that in 
most eleetrtimeters the dellection at first increases with increase 
of potential on the needle until it reaches a maxiniuni and then 
decreases with further increase of potential. Recently G. W. 
Walker has developed a theory in which he accounts for this 
inaxinunn value for 6 followed by a decrease by the presence 
of the air-gap between the (|natlrants which causes the capacity 
of the needle to alter as it moves past this air-gap. lie obtains 
a modified eiinalion, namely, 

{FJr2hV^)d^a{V,-~-V,)V,, 
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where b is a constant, and assniniiiK as liefmv tlial / , is I.ir.uc 
compared with I", and l\, which is a fact in tin- inslitiarv 
method of nsinjjf the inslniincnl. hVnm ritlu-f ihi-Mi-\ ii i,,l 
lows though, that for a given pnti'utial <0’ (hr ui-.-dh*. (hr 
deflection is proportional lo the dillrrmcc ut iiMiiailial hrlwi ru 
the two pairs of ((iiadnints. In most ca.es iu actual piartiia* 
this is the important condition as a ha-as nt uhm anlaurnl. 

II. Dolazalek Type of Electrometer, riii* ,.f ,]cr 

trometer devised a few years ago hy Unhi-'alrk is, in lino. pinion 
of the author, the most useful and salisfactmy inslinnirnt of 
its kind made at the presmd lime for (In- cla-.s ot uoik with 
which we have to deal, and if an electronn-(i-r i-. to h.- aci|niied 
for a laboratory this type is most strongly reconmn-inlrd. 'Tin! 
advantages of this inslrninenl over older form-, con-.i.( i hieilv 
in the simplicity of construction and i-onsccpteiit elunination id 
troublesome factors and in the increasetl Ncnsilivi-iu-ss, A 
diagram of the inslrumenl is shown iu h'ig. H. 

The set of quadrants is small, usually oidy from 5 to f. eni 
in diameter. In the latest form the quadrants :u'c Mippoitei 
on stout amber pillars as amher is an exet-llent itnadal..!. 'Tin 
needle is extremely light and is tnade *>1 silveted papt-r am 
consists of two layers of j)a(>er fastmed :it the outer edgi- 
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and spread apart at the center to secure rigidity. Hroadstile an 

edge-on views of it arc shown in h'ig. luhiig sn ..MmnrI 
light and lying very dose to the qnadranls flu- mw.llr is Mill 
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cicntly clanipod l)y llic air and reqnires no oilier damping. 
''Pile eondncling ])hosplior- 1 )ronze nielhod of suspension with 
permanent conneetion to the hallery is the most satisfactory 
to use. Usually a ])otential of from 80 to 100 volts on the 
needle will he found convenient. 

With a fine (piartz; suspension the instrument may he made 
very sensitive, as much as 10,000 dimensions per volt on a 
scale about 1.5 meters distant having been obtained. It is 
however not at all advisable to work with the instrument 
under such sensitive conditions, for the needle is very unstable 
and will not maintain a steady zero position and is very easily 
disturbed by the slightest outside influence. For most work 
a sensitivenc'ss of anywhere from four to six hundred divi¬ 
sions ]H'r volt on a scale about 2 meters distant will be found 
suitable, 'fhe sensitiveness depends upon the thickness of the 
suspension and the charge on the needle. 

'fhe whole instrument is enclosed by a lightly fitting brass 
case with a window through which to observe the mirror on 
the needle. 

12. Adjustment of Lamp and Scale.—The stem of the 
needle should be fitted with a small and very light concave 
mirror, preferably not more than 6 or 7 mm. in diameter, 
having a focal length of about 50 cm. Obtain the image of 
an incandescent electric lamp filament on a .scale at a distance 
of 1.5 or 2 meters away from the mirror. Adjust the po.sition 
of the lamp so (hat a shar|)ly defined image of the lamp fila¬ 
ment is ohtrdned in a vertical position on the scale. Place the 
lamp a little below the level of the mirror so that the reflected 
beam of light may pass directly over the top of the lamp, cati.s- 
ing the plane of the incident and refiected rays to he vertical. 
Place the .scale at right angles to the beam of light by carefully 
measuring ecptal distances from the mirror to the ends of the 
scale when the image is at (he centre of the .scale. A white 
millimeter paper .scale about a meter long fastened to a hoard 
which may slide horizontally in grooves so as to he adjustable 
to any scero point will he found convenient. As the image of 
the lamp fdanienl may have a considerable widtlp .select one 
edge of tlie image and use it as the line to read by on the scale. 
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13. Adjustment of Electrometer. Sri tlir i-lrrtn>i!irlrr u|i 
in a dry atmosphere on a hnn snppioi .snrli as a hlaU' -dal. rrai • 
ing on a stone or brick pillar, so lhat llunr um\ hr uo \iltia 
tion. Carefully level the inslniinrnl si. (hat (hr .piaihauls arc 
level. Adjust the position of the iircallr until il hatit-.s •.>111 
metrically with regard to the (|uadran!s. lha! is. m* I ha! thr line 
bisecting the needle lengthwise is parallel (.• (hr aii line hisrci ■ 
ing the circle of the (|iiadranls. After (his is adjustcii as nearly 
as possible by the eye test the symmetry by eharging the ucedlf, 
having all the ([uadrants eoiuieeled to earth. Il evervlhitig is 
symmetrically situated the zero of (he needle .sliouhl not alirr, 
If the needle does not remain at zero when thus charged adjust 
it by trial till it dt)es. in smue instruments one of the tpiad' 
rants is also adjustable, in position. ,\ further li-^l of (he svm* 
metry should be made as follows; t )ne pair of i(uailtant-. heiu|, 
to earth, charge the other pair to a given jto'.iiive potcmial am 
observe the deflection, then elninge (lu* ]ioleutial to an etpia 
negative one and observe the detleetiou oii the uppo-ate snh 
of the zero. These two delleetioii.s shonld he esaetU equal i 
everything is symmetrical. 

In all instruments the (|uadranls are alwa\ -. eouuretrd u 
pairs and each ])air eomieeted by iuMilatetl win--, to two m ai 
latcd terminals on the outside of the itiNlnimeiit. The m ad.i 
tion of the (jnadranls and lerminaK shotdd he petleei, a 
defective insulation is ftiltil to turnrate meimniemeiilIVi 
the msulation as follows; One ])air of quadrant', hemg eon 
nectecl to earth, disconnect the other {)air ftoui evei\(liiu. 
else and charge them up liy eomurtiug them for an iu-.lati 
to one pole of a battery, the other pole being to (<ar!h. t ‘••e 
small potential for this; only a fraction of a vidl will he -mil' 
cient. Having remt)ved the charging wire observe the ifadiu 
of the needle when it conics to rest. If tlie insulation is jtei 
feet this reading .should remain steady, hut if the imml.ttio 
is defective the needle will gradually return to zero, show in 
that the charge is leaking otT the (ptadraiits. Thr iuMilatiu 
should then be removed and cleaned unless llte leakage is ■! 
small that it will not affect appreciably tiu* uieuHUt'ettienf>i I 
be made. 






lOM'UTRfCAL SC'KKKNINC; 


17 


I'lic air inside the instrmnent ought to be thoroughly dry. 
If the instrument is one in which no condenser with sulphuric 
acid is used a small (juantity of drying material may be intro¬ 
duced in a convenient place with advantage. 

14. Screening.—riiere are usually stray electrostatic charges 
produced by friction or other causes in the neighborhood of 
the a])paratus in use, especially in a dry atmo.sjdiere. These 
charges arc sure to cause serious electrostatic disturbances 
either by direct contact with the electrometer and connections 
t)r by induction, h'ven the nn)vemenl of one’s body near the 
electrometer will often cause violent disturbances of the needle. 
It is therefore ab.solulely essential to enclose the electrometer 
and all insulated parts of the apparatus and wire connections 
within metal screens connected to earth so that any outside 
disturbance may not reach the insulated parts of the a])paratus. 
All ])arls which are not recpiired to he insulated must be con¬ 
nected to earth. A convenient way to do this in most labora¬ 
tories is to .solder a fairly heavy hare co])per wire permanently 
to a water pipe or gas main which runs into the earth and all 
earth connections may be made to this wire, ft is not sulTi" 
cient to merely wrap this wire around the water pipe; good 
solder connection must he nu'ule. If this earth connection 
of the (litTerent parts be neglected the.se f)arts become charged 
up and cause disturbances which are usually indicated by the 
erratic action of the electrometer needU*. 

In .setting up an electrometer for permanent use the follow¬ 
ing method of screeidng will be found most convenient; Place 
a large .sheet of metal abonl three feet stpiare on the table and 
set the electrometer on this. Make a rectangular cage of wire 
gau*/.e about three feet each way enclosed on all sides hut the 
bottom. 'This may he set over the electrometer on the metal 
sheet. ()ne wlude sitle of this cage sluniUl he uuule removable, 
either in the form of a dtHif or otherwise. The cage and door 
are made large so tliat the eleelmmeter may he conveniently 
reached tt» tnake adjustments, and in addition several other 
pieces of .stnall apparatus sueh as eomieeling keys, etc., may be 
placed itiside the .screen, thu.H saving atldilional .screens. Cori" 
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nect the whole cage permanently P* earth, t‘tanx-tiinii'. i’i',,iii 
outside and the light falling on the niiriMr ..f the needle ni;iv 
be admitted into thi.s .screen Ihrotigh small hob-, nil in thep..in/e 
The following method of .screening imad.tird uiiv, e.iiuuvl. 
ing separate piece.s of appanilns has been hmiid \ei\ eimve 
nient: Take a hra.ss tiihe of (he re.phriHl length ah.<n! .•em. ii 
diameter and acro.s.s each end li\ a piece oi cle.m !i»k '.e.dtnj 
wax as shown in I'ig. lo. 'I'hi.s may he tlone h\ he.tiing ilu- eni 
of the tiihe slightly and pressing tlie sealing wax (<n In it. Th 
wire to be screened is rim through the lulte and «<ne em 
fastened to the sealing wax by sliglill) heating the wiie atn 
pressing it into the wax. When this hardens the wiie uiav h 
drawn tightly at the other end aiul fasleiieil in a siinilar wa) 
The wire remains lightly strelelied along the axl-. nf tin- tnln 
The wire used should he of small diameter so a-. P* he ilexihl 
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and easily .stretched. I'or this purpose a fre-di siiek of mmUu 
wax should he used and the insulating smi'ace urn a nn{ 1 
handled by the fingers or deslruclion of the insulating tpmlil 
is likely to result. 

15. Insulation.—'The ([ue.stion of insulatinn hi t iectin-.t.it 
work is quite a different problem from uhat it is in oidinat 
current work, for what in ordinary current work wuitld I 
perfect in.sulalion is u.seles.s n.s .sttch in eleetr>ri,nu'.. .'situ 
the electrostatic charges lo he measured ate mmalK Mn.i 
a .small leakage will cause ((uile a .serious erroi. d'hc di 
ferent so-called insulalor.s dilTcr .Honiewliaf in •jii.dit\ f« 
electrostatic uses. Amber and ebonite arc giKid permanci 
insulators and possess the advtmlage of being wiukaitle in 
any shape in a lathe. A ])artumlar cmalilv of ailiiickd nmhi 
supplied by instrument makers is exeellent. .Snlplmr is 
most excellent insulator for this work, hut him the disai 
vantage of being brittle and is apt lo cruek after being east 
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large pieces. For small insulators it is excellent. In making 
up small suli)lmr beads use a clean piece of stick sulphur and 
melt it very carefully in a clean porcelain dish, and just when 
it reaches a clear lic[uid state use it for moulding whatever 
is required. If it is heated beyond this stage it loses its in¬ 
sulating quality. Sealing wax is very excellent where no 
strain is to he put upon it. If it is healed in adjusting it in 
position care must be taken not to char it as it will lose its 
insulating quality if burned. Paraffin is a fair insulator when 
pure but has the serious disadvantage of retaining very per¬ 
sistently any charge on its surface as the charge seems to pene¬ 
trate below the surface and is removed with difficulty. Glass is 
not of much value in this class of work as an insulator unless 
coated with some other insulator, such as paraffin or sulphur. 

The first general precaution in this regard is that the sur¬ 
face of the insulation must be perfectly clean. The outer 
film of the surface .should be entirely removed by scraping or 
otherwise, so a.s to leave a fresh surface. After the surface 
has been cleaned it .should not be touched with the fingers, for 
the slightest conlaminatinn destroys the insulating properties. 
This precaution is often neglected and trouble ensues. Mois¬ 
ture and dust even in small ciuantities on the surface of in¬ 
sulation should be guarded against. The atmosphere of the 
room w'bere work is done .should therefore be kept dry. It 
will be neces.sary in many instances to dry the air in and 
around the apparatus by means of chemical drying materials. 

TrfmbleHome disturbances often arise from the surface of 
the insulation aiapiiring an electrostatic charge. This is 
usually manifest by the erratic action of the electrometer needle 
when the tiuadrajUs are insulated, Ibis surface charge can 
usually be removed by passing a Bunsen flame tinickly over the 
surface. Aiuslher method of retmwal is to place a small open 
vessel of uratiium oxi«le close to the charged surface, when 
the iosii^aticm produced hy the uranium will allow the cliarge 
to leak away thnnigh the air. 

In a complicated system of insulators it is sometimes rather 
difficult to locate the exact po.sition of the leak due to a de- 
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fcctive insulator. 'J'o do so insnlaU' llu' wlmlc and 

charge it up and observe the delU'Clion ni tlu' nt’odU> as {>x 
plained in § 13 in eonneelion (he test id' (he insiihuinn df 
the quadrants, d'heu cut oil the eomlminr hi (he Nysloni 
farthest from the eleelroineter and tes( again. It the leak 
does not appear now it must have lieen in (he iiisnlatiim nf (hi-, 
conductor. If it does ajipear eiU olf (he m-sl laithest enn 
ductor and test and continue this one b\ one unlil the U-ak 'w 
located. Then clean or replace tlie iuMilalion, 

Flames of any kind .should not lie allowed in the tu-ighbor 
hood of any object which reipiires to be insnlateil, as llu- ioni/a 
tion produced by llaines in (he air tleslroys (he insulating 
property of the air. Any radio aelive .substance in (he vieinitv 
will cause the same diniculty. 

16. Electrometer Keys. As any movenieiii of ilu* Mb.enet 
near the eleclromeler connections is apt to cause electro.tatie 



(h) 
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disturbances and as all the connections must lie earefully eu 
closed in earth-connected screens, it i.s both expedimt ami eon 
venient to place all connecting and discounccliug keys iii.side 
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the ca.n-e with the cleetroineter und work them from a distance. 
The keys shown in i i are most convenient forms. 

The key shown at (n) is used for alternately connectings to 
earth and insulating*- one ])air of ((iiadrants of the electrometer 
and conne’clions. A jheec' of sheet brass one sixteenth inch 
thick and an inch wide and nine inches long;- is bent twice at 
rig;'ht ang;-les, making; Ihe upper pari ./A two inches in length 
and Cn one and a half inches. A brass lube IlK about inch 
inside diameter and J.5 inches long is filled and soldered at 
right angles to .//i’ through a hole near ,/, so that it ])rojects i| 
inch below .//h A brass rod RS idionl six inches long and 
pointed al .V slides loosely ihroiigh UK and has two small ad- 
justal)le clamps ( , and ( so th.al it moves within dermed 
limits. 'I’liis rod may lie drawn up by a cord attached to the 
ring al the top and allowed to fall under its own weight. 
'Phis system is fastened to a piece of heavy sheer metal 
A'l' and the whole thing connected to earth. An insulated 
metid mercury cup O is placed so that .S’, when lowered, 
will dip into it. 'Hie electrometer (juadrants and connection.^ 
are connected with the mercury cuji, and when the rod RS dip.s 
into (J they are all connected to earth through . l/U' and when 
RS is rai>ed they are insulated. 

{)ne precaution must he carefully observed here whicli ap¬ 
plies to all i*a>es ulieie electric contact is madi' between mer¬ 
cury aud other Jiiclals, surh as brass and copper. ’I'lic .surface 
of tlu* metal in ctuUai'l with the mercury must always he 
amalgamatnl, hs dipping; tirsl in nitric acid and then rubbing 
mercury over the mu fac*’. so as to eliminate contact difTerence 
of potential elhTis at the iunefnie of two dissimilar metaks. 
'riu* end of die rod .V and the inside of the cup Q must he 
amalgamateil. tUluuuise the eleitOMneter mu'dle will he de- 
fleeted when the t-oulacl lnok<-n. dm* simph to the cliange of 
potential at the srpaialtou of die two dissintilar metals brass 
and mercui ). 

After fxpi-nnirnliug; for sninr lime with dilTereul forms 
of metvur\ cups ;$nd other s-oii!ac|s for .V the author found 
the form of cup aud insul.ilor shown in the diagram the most 
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satisfactory. Q is a stnall brass cup abiuit i nn. inside 
diameter and I cm. deep and it rests nii a stick (»t clean sealini^^ 
wax about 3 cm. bij^h. 1'he sealing v\a\ is iastctu'tl t.i tlie 
cup above and tbe plate below by slip,litly lu*atin|4 the metals 
and sticking tbc wax to the warm metal. 

Mercury cups have often been made b\ borinn. a hole in a 
block of paraffin and lilling with mcrcin\. bnt tbe\ are not 
satisfactory a.s tbe paraffin beconu-s cb.'irgeil up on the stn fai-e 
by the friction of tbe key and mercnr> and otheiuise, atid this 
charge does not disappear Immediately when the cup i*. earthed 
on account of the retentive tpialily of tlie parattm. In all 
cases of this sort the area of the insulating sin hu e • hoiild he 
reduced as much as possilile. 

A slight modiQcaliou (/») of the above fonn oi ke\ has lu'en 
found very convenient for making' eontact lu'tueen two in 
sulated connections within the eleetronuTer .screen, such as for 
instance connecting a standard cell to the electroinetsT or con 
nccting- a separate charged condenser with the electroineier. 
The rod RS, instead (ffi dipping into the ntercutw cup, is htted 
tightly into a rod of ebonite / about an inch or so long ami 
into the other end of the ehonile is jilted another brass loil .1/ 
which may dip into the mercury enp. M i‘» llnis insulated from 
earth by I and is connected to the cell or otlier object h\ a 
thin flexible wire 7e'. The rest of the key is idmitical w ifli iti). 

These keys are raised by means of a cord whieh runs over a 
pulley in tbc ceiling vertically alnive the kev ami is thence 
carried to any desired position by anotlier pulley placed about 
vertically above the scale where the observer is siinafed when 
taking readings. 

17. Standardization of Electrometer. 'To eonvmi the .caie 
readings into definite electrical nnit.s the.se reading*, mm.t he 
standardized by observing the clellections pmdm'cd when a 
known potential is applied to the quadrants. If the electn.m 
etcr is not too sen.silive one pole of a .standanl t‘lark stU or 
Weston cell may be aiiplicd directly to the insulated pair of 
quadrants by means of the key (h), Mg. ti, while the other 
pole is connected to earth. 'Po guard against aeeidi'iitally 
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short-circuiliiip: the standard cell by neg'%ti3ag; to . insulate the 
quadrants from earth before connecting the' 'cell, to tliem a 
larg-c resistance of about io,ooo/johms should be' placed in 
scries between the one pole and d;ly&^imrth, so that in case of 
accident the cell would not he injurect. If the dedeotiop pro¬ 
duced by the cell is not too gTcat for the Icng^th of scale us?d’ 
observe the dellcclion produced by the known voltaj^cof the 
cell. If tlic (lellection is loo great for the length of sqale 
connect the cell throngii a ixhenlioineter of large resistance 
and tap oH' from the ixilenliomeler a known potential sufficient 
to give, a suilahlc delleclion. Since the dellcctions are propor¬ 
tional lo the dilTerence of potential between the (ptadranls the 
number of scale divisions ]>er volt is known. M'his value is 
technically lei'ined the sensitiveness of the inslrnmcnt. Any 
other delleclion on the scale can therefore he converted into 
volts by direct proportion. 'I'he sensitiveness of course depends 
upon the iKilential of tlu* needle and the instrument must con¬ 
sequently he standardized each time o])servalions are made if 
there i.s any change of prjleutial of the needle. 

i8. Connection of Electrometer to Other Apparatus. -The 
wires connecting the electrometer to any other apparatus, on 
which cxperiinrutN are being conducted, iim.st he .screened in 
metal tnhes cnimected loeaitli as already described, § 14. 'Fhe 
typical general arrangement of eleclronieler, lamp atid scale, 
key, screen, c*lc., is shown in the diagram, h'ig. 12, which is 
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self cxplanaLtiry. The apparaliis (n lie tesleil wntilil lu* run- 
nectecl, by a screeiietl wire iiassini^^ llimitj^U tlu* eaKf, (,. the 
mercury cup in (be key. Mu' metal lube Neieeiiinp Ibi'-' emi 
iicctiiig wire should pass iiisidi’ the main ea|4e m» that tin paii 
of the wire is exposed. 

19. Determination of Capacity of Electrometer and vSy.siem. 
—In inakinj:^ definite caleulatious from the obseivalious with 
the clcctroineter it is ufti'ii neees.sat'} (<i know the eapaeity ot 
the electrometer and eonneelions. One method oi delennin 
ing this is by the ordinary method of mistmes. 

Let C=:lhe eaiiaeily of c'leelronieter and ‘•\' 4 eni e>>mieeieil 
with it, 

C’, =:.:ihe capiicily of a kiiovvii "Uandaid eoiuliMui'r. 

Charge up the eleelrometer and eonneelions h\ nii’ans of a 
battery to a potential /' and let the tielleelion ni the nee«lle he d 
divisions on the scale. 'Phen eonneet by means of a ke\ (/»), 
Fig. II, the standard condenser in parallel with tin- eluui'.ed 
electrometer, etc. 'Phe charge will then be divided hi'tween ilte 
electrometer system and (he .standard condenser. ! .e( the re 
suiting potentials-Mand the corresponding a ale leading 
= therefore (7’ 1 M, since the total tli.iigi' r. 

constant. 


Therefore 


r 

C “1" f 1 


I ti ' 



from which C may be ealcnlaled. 

Another method depending upon the very eomaani ioni/ation 
produced by uranium oxide, and wliieli will he heitn imdei 
stood after some experiments on ioni/ation have lu-m done, 
furnishes a very c<mvenient means of determining c.ip.ieit\, 
The arrangement is shown in h'ig, gt- Two imailateil rnrtal 
plates A and B, about 15 cm. stpiarc, arc enclosed in a metal 
box connected to earth. ()ne pljite .1 is eontu’cled to the sdre 
tionictci , the other B is connected to one pole of a halleiw, nf 
accuinulatois of about 200 volts, the other pole being to eaitli. 
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On B is sprinkled a small cinantity of uranium oxide which 
produces a constant amount of ionization in the ^as between 
A and B. Inn- a ^'iveu constant source of ionization and a 
given potential on B the. rate at which -■/ charges up is pro- 
jK)rtional to the capaeily of the system. Let (' he the ca])acity 
of the electrometer, ionization vessel and comiections and let 
d he the number of scab' divisions passed over i)er second as 
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being doterminod with llu* lurdU* in iu..linn un.bT c.nditi..ns 
similar to those under whieh the aelual test measureiuent. are 
made. It ha.s the slight tlisadvaul.i.ge In.uever that the 
capacity dclenuiuetl iiududes the eapaeilv nl tite iMni/atiuti 
vessel, which cannot he eliminated and tlnnehue n inusS l.r 
kept constantly conneeli'd to the electlonietei dtuine. .dl tlu’ 
experimental measurements. The m.numu ovide in-uever 
must then he removeil ;unl evei\tiiine, ci'inieited !•. l aith e\ 
cept the plate //. 

20. Typical Measurement of Current by lUeclrometer. 

As a guide to the metiuul (d’ meuMiiement .nn! i .tlcui.it i.m ..i a 
current by the electrometer a tspie.tl . H.iui)de util he 
The usual method of me.aMireinenl is to ..h-.eiu- the tmn- i.ite 
at which the eleclrontt'ler tinadr.mi * eli.utu' up. th.il i •. the 
quantity of eleelriclly transferred thtoiii'li .1 g,a-. p. i eiitud 1.. 
a conductor connected with the elei-tionuiei, 

Let q-~-ihc mmiher of couloiuhs ol eleiiilcitv i*s'ri\t'd hv 
the electrometer quadrants and ci<mi'-> te.l s\ .tnn 
])er secoiul. 

Let the capacity of the whoh- s\stem in nnc!..ta!.td . tin 
which nuils condensers aie n .ualls ni.ide ) he ( , 
which will e((nal (‘'to" fat.id., 

LetF = the rise of poteiuitd of the -a .t<-in pes f .<»nd in 
volts. 

Therefore y = ^ x /1 

' 1 cr 

Therefore since the current etiuah; the mttuher .d M.ul.tsnh- 
per second, the current i will winal ( 7 *. nd .unpeie .. 

The deflection of the electrometer needle is pittp.u (sMiial to 
the difference of potential hetween the two p.iii s mI qu.idt.ints. 

Let d r-'-thc nunilier of scale divisiuus tnuM.I lUii pri 
second as the timulrauts acquire fin-u p..trii!ial I 

Let the unmher of scale tlivision-. cmim-' p-aidnig 

a difference of potential of t volt a. dm* sunned 
from a .standard cell, 
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T r 

Therefore / « y ; 

C d 

or ^ ” lo" ^ li 

In practice the capacity of a nolazalek electrometer system 
without any extra condenser is usually about 50 electrostatic 
units, which we will lake as a typical case. 


There fore 


6'will 


50 

tj X It) 


f^microfanuls, 


since i microfaratl ()X 10® eledlrostatlc units. Sui)pose tliat 
Tbc) divi.sion.s and d to divisions per sec.; then will 


50 1 

tj X to 10® 


10 

6 (X) 


^t).j X |{) amperes. 


21 . Preliminary Experiment! with the Electrometer.— 
Before attcm()tinK any tiefinilr iotii/ation incasnrenirnts with 
the electrometer one shtuild kTome perfectly familiar with the 
instrument hy a little preliminary manipulation, (i) In the 
fir.st place the rlertronuirr. its lamp ;tn«! scale, keys aiul all 
accessoricH shonhl !«• very carefully set up and acljiintecl as 
alreatly explained. Il pavs p» s|rml a lilile tiinr tm the pre- 
limitiary sdiinu tip a** %til»«s|sirnt rxjieriiiirnts will las per- 
fnrmwl with finirti Krrairr raw and arruracy. (j) Test the 
sensitiveness of liir ni-nrtiiiimi for variotis j»<*ttTJtials on the 
needle, fjl t onnrii a ‘«t«sraf»r latirrv *»f a rotiple iif volts 
iUTOHS a jM»tenti«*inrlrr and i«r.i’*«rr in voli-i, hv ihr rlretrcwnetfr 
the |M)trittial iH'ftM ddfrfrsit funttorn’i «4 tlir |»«*lrntiitTOrfi*r. 

tl, ElttCtroiCopet, |p4ii Iraf rlrcTrosmiic w-a.s one itf 

the earliest rirtirieal iii-4fsiMiriit In i!'? nldrr foriiH it was 
itsed ehirlly 11% a drircior t»f ilir pfc-sniir t 4 ;4« rlrctrk ctiargr 
Slid was not well -aislrd l»j 4 t»tir.i!r «|ii4iilj!;i!4vc iiira^stimitcnts. 
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Since there has arisen of late years the ner.l of a cU-lii-a(r ;nul 
accurate instrument to measure eurrenlN tno Miiall In he meas^ 
ured even by an electrometer the electroM'o|H' has reached a 
high state nf perfection. It assumes somewhat ililTerenl forms 

wluMi apjdied to I'ertain spe- 



eial cases, hut the lorm shown 
in h'ig. i.| is the gem-ral type 
of instrument m-ed and will 
serve for most pm po .rs where 
an I'lectroseopi* is nsjuired. 
.IH is a metal case which 
may vary in si/e aiS'ordiug 
to llie purpose' }or uhieh it is 
rei|uired. hut a convenient 
si/c is one ol ahont a liter 
ca[)acity. i - a tipjjfh lit 
ting ehonile ping about .n.s 


cm. dianu'fer. A inclal rod 
/) about i mm. tlianieter. 


passes through the ebonite, ami on the end ol it t. a piece of 
amber or a head of sulphur to insidale the gold leaf svsteiu. 

In making this sulphur head great cate must he i.da-n to 
secure good insulation. It may he made as lollov^s: Ileal 
very gently a small (|uantity of clean stick sulphur itt a clean 
porcelain evaporating di.sh until it melts. When if heemues a 
clear liepud di]) the end of the rod /i into it and, w ithtlraw ing 
the rod, allow the sulphur to harden. Repe.at this eonlimiouslv 
until quite a large, head has uecumulaled tm tiu* end of /h 
Great care must he taken in healing the sulplim to pievimt 
heating it too much and it must oidy he usrd ju '4 at the eleai 
liquid stage, for if it is healed loo umeii and goes )u'\)ind this 
stage its in.siilaling properly deteriorates very nnu h, atid it 
becomes almost useless as a perfect insnluhu'. Tak** another 
flat metal rod II from 5 to 7 cm. long amt form .'itauhei' snl 
phur bead on the end of it; then dip both tliese heads into the 
liquid at once and slick them together .so tlu’ imls .ai'e in a 
straight line and let them harden. If desired the *ani'aee uf 
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the snlpluu- may be Irimiued oIT with a sharp knife, Imt care¬ 
fully avoid loncliinj^ the surface with the lingers and keep the 
surface clean. 

At li a narrow strip of g<vld or aluminiuiu leaf from 3 to 4 
cm. long and i to 2 mm. wide is atlachecl by a touch of gum. 
The leaf .should be cut between two sheets of paper and with 
as smooth an edge as possible so as to give a .sharp line in the 
reading microscope, b'or very sensitive electroscopes the leaf 
.should be cut as narrow as iM)ssibIe. 'Phis may be done by 
pre.ssing the edge of a .shiirp razor full length Hat against the 
leaf between the paper and carefully .sawing the razor back 
and forth. Hy this means strips a small fraction of a milli¬ 
meter in width can be cut. 

To charge the gold leaf system a wire /•' passing through 
an ebonite plug and bent twice at right angles may be used. 
This cafi be tnrne«l round so that one end ifjucbe.s // above the 
gold leaf and the charge tnay be comimmicatecl from a battery. 
U niu.st then be tunic<l away and cunnrcte«l to earth. If the 
case AH is required to be air tight f«ir any reason /•' may be 
replaced by a tlexible picee of steel spring wiie allaehetl Itt the 
rod D as slnuvn in tut big, i.\. Tin** wife may in* drawn) into 
teUDlJorary contact with I! bv a magmi fiotii outside. 

After the gol*! leaf s-, i-h,ygr«l and when rcsulings 

are being niade rvnv past of ilir iir.iiunsciit Imt llie gold 
leaf system must be case fully lonunird to r;u ih. for if any 
[)Rrt of the in‘4runi«*nl nuad.iled .md !«'t'omr'. cliaigr«l in 
any w'ay the gold U'.if will be a"* si u. -ot •a*m»iiivc. 

lH>r this reas«»ii •«! .nn oibrs sn-.nl.Usng sn.itrual >^1101114 

never Ih* used as a case ha iIk- i lr« it* i-h opr isulf*-. si re t‘<alr4 
on the inside by sojur » oisfltu Img su.timal an !sii foil or 

a silver tasating fioin 4 -.skrusii* •...Issiuni -.omrtiMssg «»i ilial 
nature. X*in condiuiusg ssi.i!rji.sl .m 4 i .s'^r i4«r »iji ?'lri iion’oiiv 

W to Ilf* ddrd tt lir!r% r! p.rs-obir Xrgk'cf a4 piri'aiilion 

is often lltr cais-ir >*1 dr>!«tl»Mi|* siiflMrlier4«d rri4l|C 

movement**' **f ll>r ip44 Ir.A I'os ilis-i .il-''** tbr sscrr^taiy 

ittttllllting i'* *di4*!dd Iw Jil.silr a"i -118,111 4'! |s»4'!*.|ls|i' 4 oiS’iS'^IrSil 
with iU'-slilii!8*»5s. * lis.it ibrff br 4*. ••simII 4 'tllffatr 

pytiililr lo »Js.uip <1 op 
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23. Illumination of Gold Leaf and Scale. 'Two small 
windows should he made in the front ami haek of the ease 
opposite each other and in line with the h*af. 'i'hi' «ipcninps 
may be closed hy thin sheets <•! miea \va\od down ai'imnil the 
edges. An incandescent lamp or otlu-r ‘.l«-ad\ illumination 
should he placed a little distance, a font or more, hehind the 
back window so as to illuminate the field, t 'ai'e nim-t hi* exer- 
ciscd with regard to this ilhimiuation as the he.at from it some- 
times produces air currcnl.s in tlu‘ electrnsenpi* .and ennses 
erratic movements of the gold leaf, e'.pi-eialis jimt after the 
illumination is turned on. ^^'he^e o])sei'valions e\lend over 
several hours even at intervals it is he^.! (n keep the illumina¬ 
tion turned on all the time and to allow a little time to elapse 
at the bcginiihig after turning on the light In’inic t.tkine, reail 
ings to allow the conditions to heeome steaily. 

24. Adjustment of Reading Microscope. 'Tlie moviinenis 
of the gold leaf are viewed through a reading mieroseojie with 
a micrometer scale within it. 'I'lie usual method of u-dng the 
electroscope is to charge up the leaf s\sli*m ami then ohservt' 
the rate at which this charge leaks awav throug.h the snrionnd 
ing gas due to ionization in tlu' gas from an\ ean-.r. This 
rate of leak is observed hy noting tiie time it take*-, the g.old 
leaf to pass over a given nuinher of scab* divisions as ii 
gradually falls due to lo.ss of charge. 'I’lie lime is taken ])V 
means of a atop watch. 

Setup the micro.scope in frttnt of the window of the eh-elro 
scope and carefully focus it on the leaf so (hat a eleai ini.ige 
of the leaf is seen on the mierometer seal'. As the edge of 
the leaf usually appears somewhat ragged in the mieroseope 
due to magnification .select a definite point on tin- leaf fo t.h 
serve and adjust the microscope so lh;d (his puiii! is mi die 
scale. As any given point on the leaf in falling is reallv tnov 
ing in a circle round Ii (I'ig. 14) as centre and not in a liori 
zontal line the micrometer scale should he tilted at an angle 
to the horizontal so that the leaf in losing its charge will move 
over as nearly as possible ctpial lengths of scale for etpml 
losses of charge. Even with thi.s adju.stment the leaf will not 
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move over the whole ruiij^e of its motion at the same rate and 
therefore when dilTereiit readin^^s are heinj^*- compared the 
rcadin^^s should all he made over the same portion of the 
scale, that is, the lime taken for the leaf to pass over the dis¬ 
tance helween the same two fixed ])oinls on the scale should 
he ohserved in each case. 'I'his precaution is essential, hir if 
the readiiij^s are taken over dilTerent section.s of the scale dis- 
cor<lant figures are likely to result. 

25. Calibration of Electroscope, 'fo make ahsolulc deter¬ 
minations of current hy the electroscope the .scale divisions 
must he standardized in terms of volts. Tn do this connect 
a hattery of known voltage, say three or four hundred volts, 
to a poti'iitiometer «)f large resistance fnun which definite 
known potentials may he tapped ofT. Charge the gold leaf 
to stilTudent potential to detleel it to a point near the beginning 
of the portion of the scale over which readings are to he taken 
and note the reading; then increase the jnitential hy a known 
amount so as to increase the reailing to about the upper limit 
of the region over which readings are to he taken. Note this 
readittg and the ditTermce in the two reaelings will therefore 
corre.sjmnd to tin* kiiowti increase of voltage. Stweral voltages 
between these tw«» exltrmr ours %lioiild also he taken and the 
readings noted to test whether tlu- readings over the dilTerent 
parts of the wale n-aal are |iro|mrlioii,il to tlie voltage. If 
they are not a careful calihralioti over the jart of the scale to 
be used slionld Ik* ni.nle and a ralihralion curve plotted. Any 
itifwemrnt of the leaf across ihr scale will tlim correspond to a 
known ehaiigr of puirntjal of main 

26. Cipficity. Ilir i.t}Ci»sH of au rlriir<e)Co|ie is soinr- 

times rsajuiretl ill niaksiig ah-.oltifr (plantjialive nirasiimiienH, 
This may In* drtr'iminrd hv llir iiirihod #4 mixitirrs almitly 
dwriliC'd, i t*K io t >11 %%nh llw* rlrt'lrmnrlpr. 

37, Typical Meattirtim^n! of Ciirrtat by the llectrMCftp. 
~A saiiiplr iisraMijcineni »iS’ 4 >irn Minill riirinil i*y an elcr» 
trcwrojlf will tte gsvrii .f! lllll’.ls .»!e .11 H I* flir r4|iacil¥ of 
the rlo.*tro%co}ie in faf.id-. am! I ilir lo-i’* jiotriiiial iti v«4n 
per SrCiWiiI liirii .i-. in ilir ca-.r *4 llir rirciroitirtcr i "•C*!*. 
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Ill practice the capacity of a Usu' yv-tnu «>!’ an avrra^i- 
sized ek'ctroscoiie. f>f alnml 1,000 e.e. in voluuu* is uniuiIIv alumt 
one electrostatic unit. SiipiioM* tlu* los-, oi wiac to 

volts per hour, which could easily he mea'.iii nl. then (he Ittss 
per sec. w<nild he lo/^fKKi. 'l‘herefore the euiieiii l!u<iu<,>h 
the gas would he 


i 

y X i(i’‘ 


X 


It) 

aiuiH'i'e, 

3(HKI ‘ 


since y x 10" eleclroslatie units t I’atad. 

Therefore i 3.0S x 10 ampeie, 

An even smaller rule of leak of (he gnld leaf N\‘.teuv mav 
easily he read with accuracy no that the electio‘.i*i«)ie is l apahle 
of measuring much smaller currents than in the idecttMiueter. 

28. Preliminary Experiments with the Electroscape. \ 
few preliminary experiiueiils shouhl he {leiintuietl with the 
electroscope to familiarize oneself with its iiNe. 

1. Carefully set up an elt'clroseope witli it', leading luiem 
scope and accessories and adjust them eaieftilh a'. aliiMdt 
described. 

2. Calibrate the scale carefully over its whole uoikahlr laiige 
and plot a calibration curve with voIIn for ordiiiateN .md ni ,tle 
divisions for ah.scis.sa*. 

3. Measure several known voltages aeross a potentiouieter. 

4. There is always a certain aiiuuinf of iiatuial rlemiii-al 
conductivity through the air whieh is iisualh trnued the’ 
natural leak of the eleclro.scope (see t'hapter X\'! 5, .Mea aitc' 
this carefully and ealcnlale the current through the an in 
amperes. 

Note .—In using the electrosco[)e t(» measure ioiii/alioii em 
rents this natural leak of the instnimenl is always piesent and 
must be coircctcd for as il as included in the total rale ni Irak 
measured. It must therefore always In* measured a*-, a j»re 
liminary experiment and suhlnicted from the total rale of U-ak 
to obtain the tiuc current whose value is retjuireil. 
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29. Condensefs.- Anollu'r class of inHlnuncnt isf vi-rv frr- 
(jiuMit application in this line of work is the coiulmscT. In 
nuiny eases tlic rate at which the electrometer chai'|»i*H up i-. 
far too rapid to he read with any tjegree of acematn or 
at all. 'This rapid rate has to he cut denvu to rea«lahle dinirit 
sions hy addinf( capacity in parallel with the eleefronirtrr. An 
adjustable condenser of known capacities is thenrfore 
aary. If one or more standard suhdivicletl o»ndcn'>riH air 
available the problem is .solved, hnt as they are expensive tlirv 
arc not availahle in most lahoratorie.s for nn»rc than a va tv frw 
students. 

(a) Standard Coiulcnser, ■ h sinifjle hirm of coiulriisrr 
which may be used as au absolute .standard may hr ra‘»ilv imnir 
in the form shown in Fig. 15. l\vo brasn iubf» «.!' niii.il 





length, <‘ach of nnifoi’in si/e fh!'on|.dst<ii! .md ..sh- .i ’ml. -.rr, ..y, 1 
than the other, are phu'ed with ilim .4\r-, ...ju. ids u! I iir 
inner one is .supporli-d and in‘»nl.nrd In tw** . 1 .-.r.si.- .«|.p .j?-. 
whtie the onter t»ne diu's litt! nrcr .'..h iK f.« I'h- c, 

If this is matle aci*ni'atrl\' it . »,ip.4«!f% i jh * h . ?!.■ ■ini!*-. 

may he ei'diadateil h\' the nithti.ii\ l .fnissl^ 




* e'g 

li 

where / is the length « 

• f r.nli 

ihr 1 lissdt-f ■!_ ,1 iIh* 

diameter of the inuri 


.illsf /" llsr Sisit t!3.ll »ls45S'?rl4*f 

the outer one. 


(/>) Sitif^iinr ( 

\ tt I'S Is 5 Jig , »J|1 • !<■!? .SI’f I'd n-; 


or zinc, all of ihr >i/r .un 
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and about 0.5 mm. in thickiu-ss. baslon half df liu' luimhiT 
rigidly by one edge to a brass rod at right aiiglr.s Id (heir planes 
so that they arc all exactly parallel td each dihei- and ahdiil 0.5 
cm. apart. Do the same with the dlher half and iheii place tlu' 
plates of one set within the .spaee.s of llu’ niher M‘| SI I that Ihey 
are equally spaced and i)arallel. hasten these two sets rigidly 
by clamps in this position, being’ careful that the\ are ac 
curatcly spaced and phice them inside a vi-ssel In act as a 
mould and fill the mould with pure sulphur melti'd in a ideai’ 
liquid. When it hardems remove the mould. 'The capacity 
of this condenser will of course luive to be measured bv com 
parison with the vStandard condenser, using the electrometer in 
one of the methods already de.scribed. fomlensers of a variety 
of sizes may be made after this pattern. 

(c) Paraffined Paper and Tinfoil t'oinlenser. A condenser 
of fairly large capacity in small compass ina\ lu* siniph made 
with sheets of tinfoil and paranineil paper. Dip sheets of 
thin paper of say a foot s(|uare or more in melte«l parallin so 
they arc thoroughly saturated ;nul then allow to dr\. llnild 
up a condenser with these parallined paper sheets as dii'lectric 
between alternate sheets of thin tinfoil, 'riu* dimensions of 
the tinfoil sheets should be from 1.5 to j inclu's smaller ea«ij 
way than the paper so as to en.mire good insnlation at the edges. 
Each tinfoil sheet may be made with a tongue projecting from 
one edge to which connection may be made, ‘riu* alternate 
sheets should be placed so that the projecting tongues are 
situated at opposite edges, so the sheets of each set nr an\ 
portion of them may be ea.sily connected together. A eon 
denser of quite a large capacity may he m.ade in tins fonn, 
and besides being comparatively cheap :md easily made it has 
the advantage that any portion of the total nmnber id' plates 
may be used at a time by di.sconnecting the rem:iindi*r and con 
necting them to earth. The capacity may he ealeiilatc-d ap 
proximatcly by the ordinary formula for :i plate etnnieiiMT or 
it may be measured directly by comparison with a standard. 

(d) Adjustable Condenser .the actual capaeit> of the 
condenser is not required to be known and if small vuriations 
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and fine adjustments of capacity are required for any purpose 
a convenient'form of sliding condenser may be used. A set 
of parallel metal plates 20 or 25 cm. square and all fastened 
rigidly together at the bottom about a centimeter apart are 
placed in a vertical position. Another similar set is hung from 
two horiziontal well-insulated rods parallel to the jdane of the 
first set on which the second set of plates may slide between 
those of the first set. lly sliding the upper insulated set of 
plates between those of the other set the capacity may be in¬ 
creased and r(uile fine adjustments made. 

30. Production of High Vacua.-—As a great many experi¬ 
ments in this work have to do with low pressures a few details 
will be given in this regard. There are a variety of vacuum 
pumps which may be used. When rapid exhaustion is rc- 
([uired a Ficuss pump is very suitable if a pressure not lower 
than about a millimeter i.s desired. If a pressure not lower 
than the a([neous va])or pressure is retiuired the ordinary 
vacuum ])ump attached to the water tap is very convenient for 
rapid work. But in the oi)inion of the. author the most satis¬ 
factory pump for general use, especially in the exhaustion of 
g'lass discharge vessels of all kinds, .such as cathode and X ray 
tubes, is the glass 'Toc])lcr mercury ])ump as described in 
general text-books of physics. 

The form generally given in text-books is shown in (a) 
Fig. j6, but a great improvement on this is .shown in (b) at 
the point /I, where the side-tube 'P joins on above the reser¬ 
voir K. When in use the reservoir wS' is first raised and then 
lowered; the diflerence in pressure between the ves.sel which 
is being exhau.sted and the reservoir R forces the air from 
this vessel through the mercury in T and, unless extreme care 
is taken at the first stages of exhaustion, it drives the mercury 
with considerable force at right angles to the tube at A and is 
very liable to break the glass at a very critical joint. In the 
form in (b), however, the mercury does not strike the tube 
at right angles but comes round the curve and shoots into the 
reservoir Rj and the danger of breakage is very greatly les¬ 
sened. A very high vacuum may be obtained with this pump. 
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There is one sli|,»'h(; draw hark with llii^ pumit. uaiuflv. (lu* [iivs- 
dice of mercury vapor at low pr^*^^u^‘s. TIun may liowc'ver lu’ 
very easily remedieil by placin^^ a t|uaDli(y ni ,i;oltl leal’ biii'-.c'lv 
rolled up ill the lube cttiUK'Cliui^' llu* pump with tlu* vo-.'.id in br 
exhausted. The jjfold leaf absorbs the mereiirv vajutr lu-fore 
it reaches the vessel, which may thus be kept tpiite frei- frtuu 
vapor. 

For measuring' the gas pre.ssures down to about a millimeter 
or two a good niaiioiiieler slutuld be available along' with a 



(“J (A) 

I’le. ifi. 


good barometer. ]'or lower pres.sures a Mel.eod gauge mav 
be used. 

A comparatively rapid and .simple method of i.biaiuing a 
ow pressure depends upon the properly )>oxse.s,Hed by eliateoal 
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made from cocoaiiiit, by virtue of which it will, at the tempera¬ 
ture of li(iui(I air, absorb many times its own volume of air 
and other gases. If a cpiantity of this charcoal be placed in a 
glass side tube comiectcd with the vessel to be exhausted and 
this tube be immersed in licpiid air the air in the vessel will 
be rapidly absorbed and in a few minutes a pressure low 
enough for the jirodueliou of cathode rays may be obtained 
even without any previous exhaustion. The quantity of char¬ 
coal necessary will of course depend u])on the volume of gas 
to be absorbed. This is an excellent method of securing a 
very high vaemim by first pumping most of the air out and 
then causing the charcoal to absorb the remainder. In ordcr 
to maintain the high vacuum the charcoal must of course be 
kept in the Hcjuid air, as when its temperature is allowed to 
rise it allows the absorbed air to escape again into the vessel. 

A troublesome difficulty arises in the removal of the air 
from such vessels as cathode ray and Rcintgen ray tubes from 
the fact that after the low pressure has been obtained the pres¬ 
sure slowly rises .slightly again, due to the air occluded by the 
walls and other parts of the vessel gradually escaping into the 
vessel under the diminished pressure. This is noticeable if the 
vessel be allowed to stand a while after being exhausted, or 
if the walls of the vc.sscl be slightly heated, or again in the 
case of an electric discharge tube of any kind if the discharge 
be caused to pass. The heating of the vessel or the passage of 
the di.scharge causes the occluded air to e.scape from the walls 
or electrodes of the vessel. In making a j)crmanent Rontgen 
ray tube or anything of that nature the vessel .should be first 
exhausted as low as possible and the discharge caused to pass 
for some time, and as the air accumulates from the electrodes 
it may be pumped out until a perinancnlly high vacuum is 
obtained. Somctime.s the electric discharge has to be main¬ 
tained for several hours before a steady condition is reached. 
The troublesome rise of pressure in a newly exhausted vessel 
after standing for several hours may in many cases not be due 
to any leakage in the vessel hut to this slow escape of the 
occluded gases. 
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31. Making of Air-tight Joints.- As many cxpiTiinnits in 
this class of work raiiiirc llic lifling togctluT ..f sviKirMc parts 
of the apparatus so as to ho gas-tight a Aw hints gained hy 
considerable experience in this regard may he of use. In glass 
vessels it is sometimes retiuired to lit electnuh-s or nion' com 
plicated systems so as to he rigid ami gas light whib' in place, 
but in such a way that they may he removed without destroy 
ing the apparatus as would be the case ol they weu- sealeil 
through the glass, 'rids is very simply done by the method 
shown in Fig. 17. Sui)po.se that any obji'ct /■ is to he eiicl.i.sed 
in a vessel A so it may be rcmoveil at any time later, 'rnrn 
over the circular edge of e/ to form a lip all the way round. 

On a gla.ss tube m:d<e a bulb H of the .same relative 
iC .size to the mouth of A as shown in tin* diagram. 
Through the opening in the hulh pass the roti sup 
porting E and seal it in the end (‘. 'riien />’ may 
/ \3 ]“'*** made 

\ J gas-tight with sealing wax. In imdviug sealing wax 
joints on gla.ss the gla.ss mitsl lirst he gi’titiy healed 
till it is hot enough to melt the .sealing wax when 
£ rubbed over the surface. If the sealing wax he 
simply melted and dropped (tn tin* cold glass it will 
chip off and be quite useless. When the two glass 
A .surfaces to be joined are thus covered with a fairly 
thick coating of wax gently heal both and press them 
^ together and allow to harden. 'Phen :uiy holes may 

be closed by melting on more .sealing wax ami very gi*ully 
heating it till it runs well together, 'riie wax .slnnild not he 
heated to the point of ignition. A perfectly gas tight ami 
rigid joint may be obtained in this manner, (Hass and metal 
may be easily joined together in the .same way. 

In the case where two parts of metal or other mati*rial lit 
together fairly closely hut are not air-tight atid any mechanical 
strain is borne hy the .solid parts them.selves. paratPm is about 
as good a material for tightly closing the joint as ajj>thing. 
If the paraffin be carefully melted on a piece of lu*ated metal 
and mil around the opening in a fairly thick coating the joint 
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may be made perfectly air-tight. This of course is of no use 
if the apparatus is to be heated above about room temperature. 
There are several varieties of soft wax which woi'k about 
equally well for this purpose but paraffin, if clean, has the 
additional advantage of being a good insulator. 

Any metal vessel such as a brass cylinder into which any 
form of apparatus is to be put and then the cylinder closed 
and heated to any temperature up to 300° C. or so may be 
made gas-tight in the following way: Around the opening to 
he closed attach a metrd llange aa as slK)wn in Fig. 17a. 
''Phis .shcmld be attached by brazing, as solder¬ 
ing will not of course stand very high tempera¬ 
tures. Make a metal plate as covering to 
fit flat on the flange and towards the outer edge 
pierce both plate and flange with holes so that 
they may be bolted together. Draw a lead 
wire down to a diameter of a millimeter or two 
and place this in a circle on the flange 
inside the circle of holes, having the two ends which have been 
shaved down thin overlapping. Ordinary fuse wire serves the 
purpose admirably. Place the metal plate in position on top 
of the wire and then tighten the bolts, gradually flattening out 
the wire till it reaches about one third its original thickness. 
If carefully done this will make a perfectly tight joint which 
will stand temperatures where no kind of wax or paste would 
be of any use at all. 
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32. Some Properties of,Cathode Rays, riiosi^lun't'sccnt 
Action.—As scc'n in §7 llu' c'U’drii' disi'liarf^t' a( low pressure 
causes a .stream of niiiuilo particles lo issiio normally in .straijjilit 
lines from the cathode which pntduce phosjiliori’secMice in (he 
glass when they impinge upon it. 'These ealhode I'ay.s protluee 
phosphorescence in a v;iriely of substances besitles glass. 
Tubes containing substances showing this action of cathode 
rays may be obtained already prepared from almost any ttf the 
large firms which supply general physical apparatus. If sneb 
tubes are available observe the phosphorescence {)ro(htced in 
the different sub.stances when the discharge passes. If the 
discharge tube is made in the lahoratetry several tubes may I)e 
made, each containing in the end renutle from the cathode 
(Fig. 5) a different substance which ph(ts()horesces under the 
action of the rays. Such substances are dilTercut kimls of 
gla.ss, calc-.spar, pota.ssium or barium platimt cyanide, and 
several of the rare earths .such as yttrium, thorium, etc. 'This 
phosphorescent property is a very useful one in detecting and 
observing the rays. 

Casting of Shadozu.—TlK' rays may be sl(tpped by an tipatpte 
obstacle placed in their path. This may be (tb.serveil by means 
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of a tube similar to that .shown in I'ig. iK, in which a piece of 
metal a stands in the path of the rays. 'The rays falling upon 

.(O 
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a are stopped and a distinct shadow is cast on the end of the 
tube at b. Such a tube may be obtained from almost any large 
instrument firm. This piece of metal is usually hinged at the 
lower point so that it may be dropped down out of the path 
of the rays. 

With such a tube allow the discharge to pass for several 
minutes with the cross in the erect position and observe the 
shadow cast. Then drop the cross out of the way and observe 
the appearance on the end of the tube. The portion which 
was originally in complete shadow will now appear to phos¬ 
phoresce more brightly than the surrounding parts. This is 
due to the peculiar fact that the glass shows fatigue under the 
action of the rays and diminishes in brightness while the part 
which was originally in shadow has not experienced this action 
of the rays and therefore appears brighter. 

Heating Effect .—Make a discharge tube of about 20 or 25 
cm. in length as shown in Fig. 19, in which the cathode is con¬ 
cave and spherical in curvature and the anode consists of a 
piece of platinum about 2 cm. square and from 0.2 to 0.4 mm. 
thick. This anode should be placed at the center of curvature 


c 
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Fig. 19. 


of the cathode so the cathode rays may be concentrated upon it. 
After the tube is pumped down to the proper pressure send a 
fairly strong discharge through the tube until the anode begins 
to glow. This glow is the result of the anode being heated 
by the stream of cathode ray particles bombarding it. The 
platinum may thus be made incandescent, showing the marked 
heating effect and energy of the cathode rays. 

33. Magnetic Deflection of Cathode Rays.— A discharge 
tube of the pattern shown in Fig. 20 will be found very suit- 
nblp fnr the following' exoeriments. In a tube of from 30 to 
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ium diaphragm about 5 mm. in tliieknoss at the point a at a 
distance of a couple of ccnlimelers fnun the calliodo. 1 his 
diaphragm should be pierced by a hole alunil i mm. in diam¬ 



ine*. ill. 


eter. Fix in the other end at b a pho.splioreM'enl seretm of 
barium platino-cyanide. A distinct beam of cathode rays will 
emerge from the hole in a and proilnce a phosphorescent 
spot on b. 

Place the tube between the indes of a luoderalely .strong 
electromagnet, the strength of which may be regulated to suit, 
so that the magnetic field is perpendicular to the plane of the 
diagram. Observe that the bright spot on !> will move at 
right angles to the direction of the magnetic field. 'The three• 
tion of motion will depend upon the polarity of the electro¬ 
magnet. Reverse the polarity of the magnet and observe the 
spot move in the opposite direction. Determine which is the 
north and south poles of the magnet in eacli rase and note 
carefully the direction of motion of the .spot in relation to the 
direction of the lines of force of the magnetic field. Khite that 
the deflection is in the same direction as would he produced on 
a negative charge of electricity moving from the cathode to 
the anode. 

34. Electrostatic Deflection of Cathode Rays, Place two 
metal plates of about 3 cm. by to cm. on opposite sides of the 
tube and parallel to each other a.s indicated hy r and ti in 
Fig. 20. Apply a steady potential dilTerenec to these two 
plates of from 500 to 700 volts. Thi.s will he be.st (ihtained 
from a set of three or four hundred .small aceumulator.s. 
Observe the movement of the spot on the .screen. Rever.se 
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the volla^^e and o]).servc that the spot moves in the opposite 
direction. Note that the direction is the same as a negatively 
charged body would move under the action of this electric 
field in each case, lUith the magnetic and electrostatic deflec¬ 
tions indicate that the cathode rays are negatively charged 
bodies moving with a high velocity from the cathode, 

35. Cathode Rays Carry Negative Charge.—The negative 
cliarge carried by the caUiodc rays is prohalfly their most im¬ 
portant characteristic. 'Phis property was originally proved 
by direct experiment by Perrin and his method was later modi¬ 
fied by J. J, Thomson. 

A sjiecial form of discharge tube is necessary for this ex- 
lieriment and is shown in I'ig. 21. This may be made in the 
laboratory, or any glass-blowing firm will supply it to order. 



Cf is a glass bulb from 12 to 14 cm. diameter. A is the 
cathode and B the anode which should be connected to earth. 
Tliis anode consists of a brass plug about r cm. long pierced 
by a hole about 1.5 mm, diameter and fitting tightly into the 
glass tube wbich may be made a couple of centimeters in 
diameter. The cathode rays after passing through the hole in 
B fall upon llie wall of the bulb at a point C and produce 
pbosidiorescencc. Another side tube of 2.5 or 3 cm. diameter 
whicli is out of the line of fire of die rays contains two coaxial 
metal cylinders. The inner one D has a narrow slit in the side 
as shown and i.s carefully insulated and connected by a rod 
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with an electrometer. The oilier (u1k‘ /' has n slit opixtsile 
that in D and is coniiecled to earlli. i his shirMs I) aiul ils 
connecting rod from any stray eleelrical elicits. 

Connect this discharge tube to the air iimu)) and carefully 
exhaust it until cathode, rays appear when Ihe dischaige is 
passing. The discharge may he imHlticed either by an iiuhiC' 
tion coil or Wimsluirst machine. 'I'hc rays will pnidnce a 
phosphorescent spot at C. dVsl by means ..f the electn.meter 
whether D has any charge. Jl will prubably be Iniuul that 
there is a very slight indication of charge i>n P due t<> a little 
stray ioni/.ation gelling into IK hut this ell eel slu'iild he small. 
Now, using a comparatively strong magnet, bend the beam ol 
rays round until they fall upon the openings in /•.' and IK 
The movement of the rays may he followed by the jihosphor 
esccnce they produce. As soon as they fall upon P a sudden 
charging of the eleclroiuelcr ought to he observed, showing 
that D is receiving a charge. Ileml the ray.s still farther roniul 
till they miss the opening in P and observe that the charging 
up of D ceases. Test the electnuneler fttr pol.’irity by .a cell 
to determine whether the charge received by P is positive or 
negative. The test should show that the charge is neg.ative. 
This shows that the cathode rays carry a negative charge. 

Allow the rays to fall for some length of time <»n P, and 
observe that cnnlinnes to charge up until it re.aclies a certain 
maximum value and will not charge up beyond that value nt> 
matter how long the rays contimu*. 'I'liis shows lb;U when 
this state is reached 1 ) is losing charge as fast as it is acquired. 
As will be plain from snhsetiuent experinieuts this is a result 
of the gas around 1 ) being made conducting by binug inui/ed 
and thus allowing the charge to, leak oil as hist as it is ac(piire(l 
after it reaches a certain value. 

36. Velocity and Ratio of the Charge to the Mass of a 
Cathode Ray Particle.—Since the cathode rays consist nf 
particles carrying a negative charge and moving witli a high 
velocity it ought to be po.ssililc to niea.surc this velocity exiperi 
mentally and to determine the relation between the mass of .a 
particle and the charge which it carrie.s. 'Phe possibilits of 
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(Icnecliii^' lliCHC rays by a iiiaR-nelic atul electrostatic field 
fiiniislies a means of (leleniiining' lliese ((iianlilics. 

A special form of discharf^-e tube will l)c recjiiired for this 
determination. It slunild 1)e very carefully made by an 
ex])ert ^'lass blower so that the different parts are carefully 
lined up and accurately situated relatively to one another. The 
form of the tube is shown in lug. 22. The total length of this 
tube .should be in the neighborhood of 60 cm. C is a flat 



cathode from which the rays travel in straight lines. A and B 
are thick metal i)lttgs about 2.5 cm. in length and 5 or 6 cm. 
apart and fitting tightly in the tube of about 2.5 cm. diameter. 
A forms the anode and they are both pierced by holes about a 
millimeter in diameter which must be in exactly the sainc 
straight line so that a very narrow beam of rays may pass 
along the axis of the tube and fall upon a .screen of phos¬ 
phorescent material at the other end. Tf the curvature of this 
end of the tube be small the pho.sphore.scent material may be 
l)laced directly on the surface of the glass, but otherwise it 
may be placed on a flat transparent screen situated just imside 
the end of the tube. On this screen is a vertical scale in 
millimeters. Near to B are two aluminium parallel plates D 
and /i al)out 4 cm. wide and 10 cm. long and from 2 to 2.5 cm. 
apart. 

Exhaust tlii.s tube carefully and observe in a dark room the 
phosphnrc.scent spot produced by the ray.s on the screen. It is 
better to ii.se a Wimshur.st machine than an induction coil to 
excite the discharge tube for this experiment a.s the Wimshurst, 
if carefully-run, will give a more steady current through the 
lube. 
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Lot V cm. por .socoml bo tlu‘ volnoitv <if ibo iiKtvini; partiolo, 
m its ma.ss and c llio cliarf^'o it cnri’io>^ in obu'lrnstalit' units. 
Let the tube 1)0 placod in a sti-niij^' iiiapnolio tiold s<i that tho 
linos of force arc porpondicnlar tn the piano nf llu* tliapr.ani. 
The beam of ray.s will bo dolloctod in a voi'lii'al plain* that 
the .spot on the. scroou will nuivo alont’, tlu* vortical scale I’nmi 
a to h. Let thi.s hohl bo of slronj^th //. 

When a field 1.1 acts at ri}j;lit anplos t<i an ('looliao onrront L 
the force actinp; at rigbt auplos to tin* piano nf the Hold ainl tin* 
current is II y. C. d'horoforo the Inrco aotiun abinn. the radius 
of curvature of the path of the partiolo tondinp. to dollool the 
moving charj>v, which is o([nivalont to a onrioni opnal to i*," is 
equal to Ifcv. This mu.sl bo equal to the contritupal ion'o 
of the moving; jiarliclo acting outward aloui', Ibo radius of 
curvature which from dyuaiuic.s is otiual to )ii, ' 1, svltoto r is 
the radius of curvature. 

Therefore f/rr— ; 

r 

or //;-« . (1) 

c 

H and r can both be delormined as will bo shown and tboroforo 
inv/c is known. 

Now if a dinfcrcnce of potential be ostablislu*d bolwoon the 
two plates D and II a uniform eloetrie (leld will act on tho 
beam of rays, and if it is applied in the right direct ion it will 
tend to deflect the rays in a direction oppo.sili* to tlu* uiaguotii* 
deflection. Iwt this electric field be .V in electrosiatio unit*.; 
then the force deflecting the beam will be Ah*, 'fho magnetic 
field and the electric field may he adjusted .so that llu* delloelion 
produced by one will be ju.st ctiual to (hat produeod bv tlu* 
other, and if they arc in op|)osile directions the one will just 
balance the other. Under these conditions, then, 

Xc llcv', 


(U 


therefore 


A'' 
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X and li can both be measured and therefore v is determined. 
Supplying this value of v in equation (i) the value of c/m 
may be determined. 

The magnetic field used to produce this deflection should 
be as uniform as possible, as the above calculation is made on 
that assumption. It may be produced by means of an elec¬ 
tromagnet of a form similar to that shown in Fig. 23 of which 
the faces of the pole pieces arc plane and about 4 or 5 cm. 
broad by about to cm. in length. These pieces should be just 
far enough apart to allow the tube to be placed between them. 
Place the tube between these polos 
so that the magnetic, field is parallel 
t'o.thc plane of tlic plates D and E. 

Adjust the current through the coil 
of the electromagnet till a deflec¬ 
tion of the spot of a few millime¬ 
ters is produced. Apply by means 
of a set of accumulators a steady voltage to the plates D and 
E in the proper direction to o])posc the magnetic deflection. 
Adjust this voltage and the magnetic field till the spot returns 
exactly to its j:ero position. ''J'hen measure H and X. 

The strength of field // may be measured very conveniently 
by means of a ballistic galvanometer and a small search coil 
which may be placed between the poles of the magnet when 
the discharge tube is removed, h'rom the ordinary theory of 
the ballistic galvanometer and of currents induced in a coil 
of known dimensions when .suddenly removed from a magnetic 
field, as given in any text-book on this subject, the number of 
lines of force per stjuarc centimeter, that is 11, between the 
pt)lcs of the magnet may be calculated. This should be care¬ 
fully determined.' 

X may be measured in volts and then reduced. Supply these 
measurements in e(|uatif)n (2) and obtain v. 

Remove the electrostatic field and observe the deflection db 
on the scale. From this and the distance between a and the 
face of B the value of r may be obtained a.s follows: Since in 
any circle the square on the tangent is equal to the rectangle 
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contahied by tbo scj’-iiioiits of llir sivaiit from lli<' s:uin> jxiint 
cind sliici' is ii vci'N’ short aio ol ,i \im\ vi\iU' it) 

which aB is a taiif^viil al B, as shown in h'i.u. llifirfon* hi) 
may be taken as practically ctpial to the tliainclcr of the iari;c 
circle, and therefore we have 


a IB ~ ah(ah \ jr) 


Therefore 


from which r is delevniined by measuring aB and ah in centi¬ 
meters. 'riiercforc on supplying the 
values obtained for //, r and ■;> in 
ecpialion (l ) the rati<i <• iti B obtained, 
/ \ lly the use of flji'* method the aver- 

' \ tijjfe value of v has been toinul to he 

2.8 >; U)" cm. per second, ‘riiis vahm 
\ / is not (ptite constant, as it varies soinc' 

\ / what with the fall of potential in the 

N. tliseh;ir}»e tube. Tbe value of a at 

-has been determined a many 

^ 4 - times and by dil’ferent metboil',. and 

the late.st determinations j^ive the value as 1.7 • loh 
37. Comparison of r/i/i for the Cathode Particle with that 
for the Electrolytic Ion. In the condnetion of elretiieitv 
throug'h a .solution the eleetrolylie ions which are set fiee hy 
electrolysis carry an electric charge and the ratio of this eharpe 
to the mass of the ion may also lu’ detenuiued. 'lake the ease 
of the hydrogen ion and let 1 \! be its mass in grams ami /*' the 
charge which it carrie.s. .Since 1.0357'-^' h» is the eloelro 
chemical equivalent of hydrogen it requires om* eoulomb of 
electricity to liberate i.C)357 X grams of h\diogen from 
a solution. Therefore it recjuires <^(>550 eolombs, or of'S.s 
electromagnetic units of electricity, to liberate one giam and 
055 X ■M' units to liberate Jlf grams or one ion, 'riierebire 
the hydrogen ion in its migration iluaiugb tbe solution must 
have carried a charge of (055 X (1/ units, and therefore 
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77 —and wc have which is very 

approximately lo'*. Since hydrogen has the smallest atomic 
mass known this ratio for hydrogen is the largest such ratio 
known in electrolysis. 

By comparison then the value of c/m for the cathode ray 
particle is 1700 limes the value of li/M. for the hydrogen ion 
or atom. In a later chapter the value of c will be determined 
and it will be found to l)e equal to the value of E for hydrogen. 
It follows then that the mass of the cathode ray particle is 
1/1700 of the mass of the hydrogen atom. The cathode ray 
particle i)o.ssesscs the smallest mass yet known and it i.s vari¬ 
ously called by the name of negative “ corpuscle,” negative 
“ ion ” or electron. 

38. Lenard Rays.-—It was long considered impossible for 
cathode rays to pass through any solid material. Hertz was 
the first to disprove this and he showed that if the rays fell 
upon very thin aluminium foil or gold leaf a distinct phos¬ 
phorescence on the other side of the foil was produced which 
could be deflected by a magnet. Later Lenard made a very 
thorough investigation of this ([uestion. The following experi¬ 
ments which may be performed in the laboratory will illustrate 
the methods which he employed. Make a discharge tube of 
the form shown in lug. 25. T'l\ is a glass tube about 20 or 
25 cm. in length and from 4 to 5 cm. in diameter. C is a flat 
aluminium cathode sui)pf>rtcd by a still: aluminium wire and 
this wire is completely surrounded by a small glass tube ci) 
which*is scaled at b around a i)latinum connecting wire in the 
usual way. This may very easily be fitted into the larger tube 
T'l\ by joining a short tube d, into which ab just fits, to the 
larger tube as slK)wn. The o])ening between ah and d may then 
be closed by sealing wax. //.*i i.s the anode which consists of a 
metal cylinder about 3 or 4 cm. long surrounding ab and whose 
support passes out through a side tube /. The end Ti of the 
large tube should be carefully ground flat so as to fit on a plane 
surface. Close this end by a brass plate about 1 mm. thick 
and seal it to the lube with sealing wax or marine glue. 
Through the center bore a hole about 1.5 mm. in diameter. 
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Cover the hole with a sheet of thin altiniinium ftiil in the 
neighborhood of 0.002 niin. in thickness aiul care folly seal it 


T 







down. lilly is a glass lobe about 15 ein. kaig with llir rnd // 
ground flat to fit the plate and .sealed to it by wax or glue. 

Connect the plate P and the anode to earth and exhaust the 
tube 7Ti until a powerful discharge of eatliode ra\s is pro¬ 
duced. Observe in a dark riHUU the pliospluireseenee in ////, 
around the aluminium window in /’. (tbserve that when the 

air in is at atmospheric pressure this phospbore.seenee 

extends only a short distance beyond the windtiwu Now 
gradually exhaust the tube ////, and observe that as the pres¬ 
sure is lowered the rays extend farther into the tube, until, 
when a very low pressure is reaeheil, a well detiued beam of 
rays extends along the tube, llring a magnet near this beam 
and observe the deflection of the rays. 

If a phosphorc.sccnt screen with a scale similar to that in the 
tube of Fig. 22 be placed in the end //, of the tube ////, and :i 
magnetic and electric field be applietl to the beam of rays the 
velocity of these rays and the nitio cfm may be determined by 
the same method as was described in §3(1 in ibe ease of cathode 
rays. Lenard mea.sured these cpiantities and found that these 
rays were tran.smitted with a somewhat higher velocity than 
ordinary cathode rays, but that the ratio i\’m was the same as 
for cathode rays. These rays beyond the aluminium window 
act in all respects like cathode rays, d'hey are i<lentieal with 
cathode rays, but since they arc produced outside the cathode 
ray tube they are usually called Lenard niys to distinguish 
them from those produced inside the tube. 
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39. Canal Rays.—Goldstein, in working with a highly ex¬ 
hausted tube, found that if he used a perforated cathode instead 
of a solid one luminous streams emerged through the holes in 
the cathode in the direction opposite to the cathode rays. 
These rays have been called Canal.strahlcn or canal rays. They 
produce phosphorescence and they may be deflected by a 
magnetic and an electric field, but the deflection is much less 
than in- the case of cathode rays, and it requires extremely 
strong fields to produce the deflection. The direction in which 
they are deflected is opposite to that for the cathode rays which 
indicates that they arc positively charged particles. The 
velocity and the ratio of c/m for these particles have been 
determined. It is found that they travel with a smaller velocity 
than that of cathode rays. The ratio c/m is not constant as in 
the case of cathode rays, hut shows a cotisidcrable variation 
under dilTcrcnt conditions. The maximum value found was 
about lob which, as we have seen, is the ratio of R/M for 
the hydrogen ion in electrolysis. 'Phis indicates that the mass 
of these iK)silive ions is at least of the same order as the 
mass of the hydrogen atom. ''J'he positive ion therefore ap¬ 
pears to be atomic in sij:e and is at lea.st about 1700 times the 
mass of the negative ion produced in a gas at low pressure. 

These rays may be observed by using a discharge tube of the 
form shown in lug, 26. It may be easily made from a glass 
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Exhaust this tube and when the ])ivsMir(,‘ is in (he iu’i|4h1)(ii 
hood of that required ftir the prodiuiion of eatliode rays pass 
discharge through it and carefully watch in a darkeiusl rimn 
as the pressure is gradually lowereil, for (he appi'araiiee of ih 
luminous streams emerging from the holes on tlu* side of ih' 
cathode remote from the anode. (thserve the pliosphoreseeiiei 
produced on the glass. Apply a strong inagnetie field ami uIm 
an electrostatic field to the ray.s and note tlu- delleetion whiel 
results in each case and the direction of this tli'llretion. 










CHAPTER IV. 

RciNTGEN RAYS. (DESCRIPTIVE.) 


40. Origin of Rbntgen Rays. — The negatively charged 
cathode ray particle travelling with such a high velocity must 
po.s.sc.s.s Cf)ii.si(lera 1 )le kinetic energy. vSir J. J. Thom.son has 
.shown niathenialically that when ,a rapidly moving electric 
charge is suddenly brought to rest an electromagnetic disturb¬ 
ance is ])roduced in the surrounding medium and it travels 
outward from the suddenly arrested particle. This condition 
is fulfilled when a cathode ray particle is suddenly vStopped by 
striking again.st a solid body. Jn the year 1895 Rdintgen ob¬ 
served, in working with an ordinary cathode ray tube, that 
some sort of radiation was produced outside the tube. Pho.s- 
phore.scent bodies ])laced outside the tube were strongly excited 
and a i)hotograi)hic plate in the neighborhood became black¬ 
ened. These radiations dilTer in many ways as we shall see 
from cathode rays and have been called Rdntgen rays after 
tlieir discoverer. 'I'he name first applied to them was X rays 
atid this name is still commonly used. They travel in straight 
lines with very high velocity. 'Phis velocity of propagation has 
been measured by Marx and found to be the same as the 
velocity of light, namely 3 X cm. per second. 

41. Rbntgen Ray Focus Tube.“-l'or purposes of experi¬ 
mental study and the practical ap])Iication of Rdntgen rays 
they are iirodueed by means of a ])articular form of discharge 
tube which is usually called a focus tube. This tube takes 
several modified forms, all of which however conform to the 
same general principle, wliich is .shown diagramniatically in its 
simple form in I'ig. 27. d'hissimi)le type of tube will serve the 
pnrpo.ses of all the experiments de.scribed in this chapter in 
which no fiuantilative mcJisurements arc required. If however 
the automatic form which will be described in the next chapter 
is available it will serve the purpose even better for these experi- 
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merits. AB is a large glass bulb anywhere from 15 to 20 
cm. in diameter with the two electrode.s a and Ik 'The cathode 
a consists of a spherical concave piece of metal usually aluniiii-- 
itim. The cathode rays proceed normally from the .surface of 
a and on account of its spherical .shape are brought to a focus 
at the point c on the anode h. This anode in its simplest form 
consists of a flat platinum plate placed at an angle of 45" to 



the axis of a and so tliat the centre of 6 is at the point c. I'he 
cathode rays are thus brought to a focus at the centre of the 
anode, and hence the name focus lube. The electromagnetic 
pulses or Rontgen rays therefore have their cirigin at tlie 
anode b and travel outward in all direction.s. 

To generate the rays the electrodes arc connected to the 
terminals of the secondary of an induction coil or to a Wims- 
hurst machine. The discharge must of course he .sent through 
the tube in the right direction so that a i.s the cathode. This 
is easily determined by the appearance of the di.scharge, for 
when the direction is correct the half of the bulb towards a 
cut oflf by the plane of h will be clearly defliied by the phos 
phorescence produced by the Rontgen rays falling upon 
the glass in tlxat half of the bulb while if the discharge is in 
the reverse direction the phosphorescent illumination will he 
very irregularly distributed. 

The foUowmg experiments should be set up and performed 
in a room wliicli may be completely darkened so as to facilitate 
the observation of the phosphorescent and photographic action. 















rnosrnoREscENT action 


55 


42. Phosphorescent Action of Riintgen Rays. —One of the 

earliCvSt observed properties of Rdntgcn rays was their phoS“ 
phorcsccnt action on certain substances. This is easily ob¬ 
served by the phosphorescence produced in the glass by the 
rays falling upon the inside of the bulb as mentioned above. 
This phosphorescence may be observed in a great variety of 
solid substances such as the double sulphate of potassium or 
uranium, crystals c)f williinite, platino-cyanidc of barium and 
quite a number of compounds of the alkali metals. Obtain 
specimens of as many of these substances as possible and allow 
the Rdntgcn rays to fall upon them in a darkened room and 
observe the luniiticscence produced in each case. Note the 
differences in color and intensity of the phosphorescence in 
the various substances. 

A screen made of one of these substances will be found very 
useful and almost essential in many qualitative experiments on 
Rihitgen rays for detecting the presence of the rays and noting 
differences in intensity, etc. Such a screen may be made by 
taking a thin sheet of white bristohboard 30 cm. s(iuare and 
du.sting a uniform and fairly thick coating of fine crystals of 
platino-cyanide of barium over the surface which has been 
made adhesive by a thin coating of paste. This should be 
mounted in a frame. Such screens may be obtained from any 
scientific instrument maker who deals in Rcmtgen ray apparatus. 

43. Penetrating Power of Rdntgen Rays.— Rdntgcn rays 
dififer in a very marked degree from cathode rays in the fact 
that they are able to penetrate bodies of considerable thickne.ss, 
while wc have seen that cathode rays can not. Their penetra¬ 
ting power, as well as some of tlieir other properties, depends 
upon the conditions existing within the Rdntgcn ray bulb. 
With a very low pres.sure within the tube, and consequently a 
large potential (liffercnce between tlic electrodes, the rays pro¬ 
duced possess cousiderahle energy and are very penetrating, 
being capable of going through several centimeters of wood 
and even several millimeters of a dense substance like lead. 
Such ray.s arc usually called “ hard rays ” and the bulb from 
which they are produced is often termed a “hard” bulb. In 
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the ease of a hig-her pressure ;uul e(nise(iuenl smaller (HlTereiiee 
of potential the rays are less jumelratiiig ami are railed “soft 
rays.” A Riintgeu ray hull) of Ihe simpU* type desrrihed in 
§41 will usually heroine “hard” alter heing used for a run™ 
siderahlc time, owing to the fart that at these low pressures 
the long-continued ])assage of the disrharge seems to drivu' the 
gas into the walls of the hull) and thus luwiu’s tlie pressure, 
The gas may he driven out of the walls again hy very raiad'nlly 
warming up the hull) slightly from outside, 

■ If two hulhs are available, oiu' a “hartl” and the utlu-r a 
“soft” one, compare approximately the relative penetrating 
power of the rays from the two hulhs as follows: Allow the 
rays from each of the hulhs in turn to f;dl upon the llnon'st'eiit 
screen and note the intensityof illumination in earh rase. Now 
place in the path of the rays a sheet of wood of one or two 
centimeters in thickness and observe hy means id” the sereen 
that the intensity is rut down more hy Ihe wood in Ihe rase of 
the soft rays than in the rase of the hard rays. 'This may also 
be tried with many other suhstanres surh as thin sheets of 
aluminium, brass nr lead. 

Different .substances absorb rays of any partirular type to 
a different degree, (ienerally speaking the driistu' Mihstanre.s 
produce the greater ahs()rj)tion. Metals ahsorh the rays more 
than such materials as wood and glass, and even the metals 
differ widely among themselves in this respect. .Ahmiinium, 
for instance, allows a much greater proportion of rays to pass 
through it than does the same thickness of leatl. 

Using a bulb of medium degia-e of “hardness" lest the 
absorbing power of different suhstanres as follows: Procure 
specimens of different materials surh as ahmiinium, brass, 
zinc, lead, wood, glass, cardboard, mica, etc., in the form of 
sheets about a millimeter or two in thickness and about 
cm. square. These .s])erimens .should all he of the same thick 
ness. Atiange four or live of them side hy side in the s.ame 
plane hy means of a frame or otherwise ainl plan* them in the 
path of the lays between the hull) !md the phosphorrsrent 
scicen, so that the rays fall perpendicularly upon and pass 
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through all the specimens simultaneously. Observe the differ¬ 
ence in intensity of the rays as shown by the screen after 
passing through each of the specimens. Repeat this for all 
the specimens at hand and note carefully the difference in 
their power of absorption. 

''Phe amount of absorj)tion j)roduced in a given type of rays 
dei)ends of course ui)on the thickness of the absorbing material. 
Procure several si)ecimens of sheet aluminium varying in thick¬ 
ness from about .1 mm. to 5 or 6 nim. Arrange these as in 
the previous ex])eriment so that the rays fall u])on them simul¬ 
taneously, and observe the absorption produced by the different 
thicknesses of the same material. Repeat this with a set of 
specimens of .sheet lead and also any other substance available. 

This (liiTerence in the ab.sorbing power of dilTerent .sub¬ 
stances is well illustrated in the case of parts of the human 
body. Place the hand or arm close up against the phosphor¬ 
escent screen between the screen and the Rdntgen ray bulb. 
Observe the comparatively dim outline of the flesh and the 
well-defined outline of the bones, which is due to the fact that 
the flesh absorbs the rays only to a small extent while the bones 
absorb them much more. The latter thus casts a much deeper 
shadow than the former. It is by this means that any foreign 
substance, .such as a bullet, may be located within the body by 
means of the Rtintgen rays, as such a .substance will cast a 
deeper shadow than the surrounding parts of the body. 

44. Use of Lead as a Screen from the Rays.— It will be 
observed in the alnive experiments that lead ab.sorbs the rays 
to a greater extent than any of the other substances. This 
great ab.sorbing power of lead serves a very useful puqiose in 
.screening anything from the action of the rays. It is usually 
of advantage and very often neee.s.sary to work with a well 
defined beam of rays. Since the Rdntgen ray bulb gives out 
rays extending over a large area it become.s necessary, in order 
to obtain a well defined beam, to .screen off a large proportion 
of the rays and use only those travelling in a given direction. 
This is clone by placing in front of the bulb a large thick sheet 
of lead with a well defined hole of the proper size cut in the 
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sliGct exactly opposite tlic tiiiode of llie bulb. ()nly the Kiys 
which emerge from this hole are available for observation and 
the extent of this bccam is regulated by the size and shape of 
the hole. Before proceeding farther with any I'xperinients on 
Rontgen rays a permanent screen should be set up in a con¬ 
venient place where it will not re([iure to be moved. 

Make a strong wooden box at least 3 or .j, fi'ct .stpiare. If 
space will allow, an even larger one will be found convenient. 
Make one whole side of the bo.x to open on hinges as a door. 
Carefully cover the box on all six sides with sheet lead about 
■| inch thick, being careful that there are no openings at the 
joints of the lead. Set this box up besidt' the labli* on which 
the rest of the ap])aratns i.s to be arranged. In the side of the 
box facing the table cut, at a convenient height, a hole about 
8 cm. square. On the inside of the box oppt)site the opening 
set up the Rontgen ray tube, carefully placing it so that the 
anode faces the opening and the axis of the tube is horizt)nlal 
and parallel to the face of the 1k).x. 'I'liis may be done con¬ 
veniently by placing two wooden brackets on the wall of the 
box, one on either side of the opening and placing on each of 
these an in.sulating block of ])aranin cut out to tit the Inhes 
A and B (Rig. 27), which rest on these bliicks. When care¬ 
fully adjusted firmly fix the tube to these block.s by running a 
little melted paraffin around the place of contact, ('are must 
be taken in doing this so as not to crack the tube* by the 
hot paraffin. 

Place inside this box also the induction coil or Wimsbur.sT 
machine and all their connections by which the bulb is to be 
run. Make connections from the induction coil to the X ray 
bulb by means of very fine double covered wires, lUit larger 
than about No. 32, as heavy wires are unnecessary and are 
apt to put a strain on the dilTerent parts of the btdb. lie very 
careful that thc.se wires do not come in contact with the glass 
of any part of the tube, for if they do the gla.ss is apt to he 
punctured by a .spark. Besides serving as a screen to control 
the beam of Rontgen rays thi.s lead-covered box serves to 
screen off from the testing and measuring apparatus all electro- 
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static disturbances which mi^dit he caused l)y the induction coil 
and connections. All the dilTerent sections of this lead cover¬ 
ing should be carefully soldered together and connected to 
earth, d'his screening and earth connection is very important 
to insure favorable conditions for working. A neglect of this 
is very often the cause of trouble in this class of work. 

In order to secure a beam of rays of any desired shape or 
area of cross section it will be found convenient to cut a .sheet 
of lead of the same thickness as used in covering the box and 
about 25 cm. .scjuare, and arrange on the face of the box a 
pair of grooves into which this sheet may .slide so as to cover 
the opening in the box. In this sheet a hole of the desired size 
and .shape may be cut. A number of such interchangeable 
screens may be made to suit the dilTerent reciuircments in 
each case. These screens should lit closely to the face of the 
box so that no stray rays may escape around the sides. 

45. Photographic Action of Rbntgen Rays.—When Rcintgen 
rays fall upon a photographic plate they produce an efTcct ex¬ 
actly similar to that of light. 1 'he elTect i)roduccd depends 
upon the intensity of the rays and the length of time of ex¬ 
posure. Consequently if the intensity has been diminished by 
passing the rays through an ab.sorbing material before reaching 
the plate the elTect on the plate will be dimini.shed. The differ¬ 
ence in the aI)sorbing lutwer of dilTerent materials thus enables 
u.s to make Rdntgen ray photographs. I'or in.stancc, photo¬ 
graphs of the interior of dilTerent j)arts of the human body 
may be made as shadows if these were thrown on the phos- 
pboreseenl screen as in 43. l^dntgen ray pbologra()h.s differ 
from light pbolograplis in the fact that the latter are produced 
by rellection of the light from the object photographed, while 
Rdntgeu ray pimtc(graphs are produced by the ray.s after pass¬ 
ing directly through the object. 

Wrap up a pliotographie jdate in black paper so as to ex¬ 
clude any light. 'Phis of eour.se doe.s not prevent the action 
of Rtlnlgen rays, as they will penetrate the paper. Place this 
enclosed plate a foot or two in front of the X ray bulb. Place 
the hand clo.se to the plate between the ])late and the bulb. 
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Allow the rays to act for 15 or jo scvoiuIs. 'i'iiis lime will de¬ 
pend greatly upon the strength of the rays and will have to he 
tested by a preliminary trial for the iiarlienlar bulb used. 
Develop the plate in the ordinary way and observe the im¬ 
pression produced. 

On a thin board about d “i'd fastmi various ob¬ 

jects, such as discs of metal or coins of dilTi-reiil kinds and 
different thicknesses and ol)jects td various shapes. I'lace this 
set of objects in the path of the ray.s and take a pholi.grapli 
of it. Note carefully the dilTerence in the al)sor])lion by the 
different objects as shown by the ditTi-rence in tlu* inleii.sity of 
the shadows cast. 

46. Conductivity of Gases Produced by Rdntgen Rays. - 
Probably the ino.st striking property of Riiiilgen rays is llieir 
power to cause gases to become conductors of eU’Ctrieily. As 
before mentioned, gases under normal comlitioiis of tempera¬ 
ture and pressure and under ordinary voltage are almost eoin- 
plcte non-conductors of electricity. If a well insulated body 
such as the leaves of a gold leaf eleclroseope he eliarged up in 
thoroughly dry air the charge will be retained for many hours. 
There may be an extremely slow diminution of the eharge on 
the gold leaves due in part to the want of perfect insulation 
and partly due to a very small leakage through the air. 1 f luiw- 
ever a beam of Rdntgen rays he allowed to pass through the 
gas surrounding the leaves they will immecliately lose their 
charge and collapse, showing that the charge must have leakeil 
away through the air. 

Set up an electroscope, of the form descrihi'd in § log. 
14, at a distance of 25 or 30 cm. in front of the window of 
the lead box containing the Rdntgen ray bulb. Charge uji the 
leaves by storage cells to a fairly high positive potential, and if 
the insnlatton is good the leakage of the charge shoiikl In* ex¬ 
tremely small. Start the X ray hull) and allow the rays lo 
fall upon the air in the electroscope. Observe the sudden 
collapse of the leaves. 

Now by means of a lead screen without any opening in it 
placed over the window cut down the inten.sily of tin- rays to 
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a small fraction of llicir oriKonal intensity and also adjust the 
position of the electroscope so that a wtdl defined beam of 
rays passes thronph only the lower portion of the electroscope 
as far away from the leaves as possible. Recharge the leaves 
and start the rays again, and if the intensity has been cut down 
suniciently the leaves should collapse at a very much slower 
rate than be foie. C lunge tip the htivcs with a negative charge 
and reiieat the experiment. (Ibseive that the discharge takes 
pl.'icc just as before and at just the same rate as in the case 
of the positive charge. 

h'hese c'.xpc'rinu'iits show tht'it thi‘ <'iir h;is l^ccome conducting 
under the inlluence of the rays and discharges electricity of 
either sign with etpial fticility, and the conductivity depends to 
some extent tit least on the intensity of the rays. By inter¬ 
posing screens of dilTereiit thicknesses the dependence of the 
conductivity on the intensity of the ray.s may be noted by 
observing that the less the intensity of the rays the slower 
the rate of leak shown by the leave.s. 

47. Transportation and Persistence of Conductivity. —Ar¬ 
range a scheme of aiiparatns as shown in h'ig. 28. AB is a 



h'w, 


thin bra.s.s tube tibont I2 cm. long and 4 or 5 cm. in diameter 
placed as shown in front of the window of the Rontgen ray 
enclosure, ft is joined by a temporary joint of large rubber 
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tubing or oilier convenic'nt me.'uis to a brass tube ( 7 ) about 30 
or 40 cm. long and 3 cm. diameter. 'I'bis is joined at D by a 
similar temporary joint to llie tube leading into (he eleetro- 
scope Zi. Comieet the metal parts all to i>arlb. .\ enrnmt of 
air may be slowly drawn through the whole system enlc'riiig at 
A and leaving at K by an aspirator atlaehei! to the mithl K. 

Charge the leaves of the eleetroseope. Start a slow eiirreiit 
of air through the .system ami note that the leaves still retain 
their charge. Now start the X ray bulb with the enrrent of 
air still flowing and observe that the leaves inimecliately begin 
to lose their charge. 'Phis indicates th.at the eoiuhielivity im¬ 
parted to the air in AB may be conveyed by tin- eurrmit of air 
to the electroscope, at a considerahU' distanee away and that 
it lasts long enough at least to he earriial that far. .'^top the. 
rail's and the current of air and recharge tin* eleetroseope. 
Start the X ray hull) again vvilhont any current of air ilowing 
through the system and observe that there is now no leakage 
of the charge from the leaves. 'I'liis .shows that it requires 
an air current or .some .such means to transport the con¬ 
ductivity from where it is produced in . IB to the elect rosenpe. 

Again recharge the electroscope and nm the bulb for live or 
ten seconds without any current of air pas.sing. ;\( the end of 
that time stop the hull) aiul after two or three seconds start the 
current of air and observe the slow di.'^cliarge of the leaves. 
Repeat this hut after stopping the bulb wait for a slightly 
longer interval before starling the air current and note that the 
rate of discharge of the leaves is not (piite .so rapid. Rejje.at 
this several times, each time waiting a longer interval after 
stopping the rays before starling the air ctirrenl and ohsi-rve 
the gradual diminution of the rate of leak until fmally if the 
interval is long enough no leak takes i>lace at all. 'riiesi* ex¬ 
periments indicate that the conductivity imparled to tlie air by 
the rays persists for a short time after the ray.s have ce-ised. 
It does not last indefinitely hut gradually disappears. 

48. Removal of Conductivity.— Ik-tween B and C at the 
joint BC insert a glass bulb a filled with cotton wool, not too 
closely packed. Start the current of air and also llie Riliitgcn 
rays and observe the effect on the clectro.scope. It .sliould show 
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no Icakaft'c of the charji,-c from the leaves, showing- that the air 
in passing through the eolton wool loses its conductivity. 

Remove the hull) a and substitute for it a wash bottle b 
])artially filled wtih water and repeat the last experiment. 
Again there should he no discharge of the electroscope, indi¬ 
cating as before that the air loses its conductivity by bubbling 
through water. 

Remove the wa.sh bottle b and also the tube CD and in its 
place substitute the brass tube c, which has about the same 
dimensions as Cl). Along the central axis of this tube there 
is a stiff wire sipjported and insulated by an ebonite plug. 
When this tube is in ])lace it .should be insulated from both 
AH and the electro.scope. C'onnect the central wire to one 
pole of a battery of small accumulators and the tube to the 
other pole, so that there is a field of about 150 volts between 
the wire, and the tube. Now start the Rdntgen rays and also 
the current of air and ob.servc whether there is any leakage 
from the gold leaves. 'Phey should show no leakage. Discon¬ 
nect the battery from the wire and the tube and connect them 
to earth while the Rcintgen rays and the air current are still 
running and observe that the leaves immediately begin to lose 
their charge. Put the electric field ou to the tube and wire 
once more hut in the rever.so direction to what it was before 
and observe that the discharge in the electroscope ceases. The 
conductivity of the air i.s thus removed by passing through a 
strong electric field. 

49. I'hese experimenl.s .show that when Rontgen rays pass 
through air it becnnie.s a conductor of electricity and this con¬ 
ductivity imparled to the air by the rays persists for a short 
time after the rays cea.se to act on the air, but gradually dis¬ 
appears. While it lasts it may be transported from one point 
to another along with the air. This conductivity must be due 
to something mixed with the air, for it is removed by the 
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50, Ill this ch;i])lor wo will invosli^uto tho ])r()|iortirs of 
Rontgcn rays more in dolail, o.'^pooially (ho iiroporty of im¬ 
parting conductivity to gases, and diseiiss the molhiMls of mak¬ 
ing quantitative and mure ])recise measuremeuls on (lie rays, 

51. Automatic Focus Tube. 'I'lie ualure of (lu' rays and 
the effects which they produce depend (o a great extent upon 
the conditions e.xisting within (he ray htdh. 'riie anioiml of 
conductivity produced, for instance, depends upon whether 
the rays arc “hard” or "soft,” In ni.aking tUdinile quanti¬ 
tative measurements any variation in the nature of llu' rays is 
therefore fatal to any attempts at accuracy. 

The chief .source of diHlcully in the use of Ki’mtgen ray 
bulbs is the tendency for the pressure within the hulh to 
change, owing to the passage of the discharge thnnigh it. 
When the di.scharge is continued for some lime (he pressure 
becomes less as the gas seems to he driven into the walls and 
other parts of the tube. The rays then hecome more peuelra 
ting. Also by the homhardment of the plalinnm anode by the 
cathode rays it becomes healed and this healing of the anode 
liberates the occluded gas, which increases tlie pressure. 'This 
tends to soften the rays. 1'liese two sources of change do mit 
counterbalance each other, and conse((uen(ly the simple form 
of bulb described in §41 is irregular in its action as regards the 
type of rays which it gives out and is cousetpiently not suited 
to quantitative measurements. Various methods have been 
tried to overcome this difficulty, hut the most sueeessful om*s 
are those which have resulted in the automatic regulating lube. 
One form of this is shown in I'ig. 2cg in which . 1 H is (he main 
bulb of the usual form. To this is attached a sm.all side tube ah, 
with two electrodes, in which is placed in some cases u little 
powdered caustic potash while in others one of the clectr )dcs 
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has mica shoots allachod. 'I'lio aiiodo of this small lube is 
altaohod to the anodo of the main bulb, while the. cathode has 
a wire IT attached, and botwoon this wire and the main 
cathode is a spark ^‘d\) 11 . When, hy the continued passage of 
the discharge tlirongh the main bulb, the pressure becomes less 
and tlie resistance l)etween the main electrodes conseciuently 
greater the discliarge will then pass across the spark gap, if it 
is short enough to make its resistance suflicieutly small, and 
(lirongh the small lube ah. 'Hie lu'al of the discharge through 
ah will liberate vapor from the caustic potash or the mica 



which will raise the pressure in the wlude system and lower 
the resistance and allow the discharge to pass through the main 
bulb again. It will eouliuue (o pass through until the 
pressure hecouu's loo lt»vv again, when it will once more pass 
through ah. 'riie pressure is thus automatically regulated. 
The longer the si)ark gap If the lower will the pressure in AB 
become before the di.scharge will pass acros.s // and through 
ah. 'Therefeme by adjusting the length of the gap If the bulb 
may be made to work at any desired ime.ssure within certain 
limits. The longer the spark gaj) the “ harder ” will be the 
6 
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rays produced, d'hi.s type of bull) is very rt'^ular in its action 
and gives very satisfactory results.* 

A somewhat nuKlilied and improved t\pe on the same prin¬ 
ciple is shown in log. 30. In this a side ttdie K, containing a 
chemical which gives olT vapor when heated and ■d)Soths it 



again when cooled, is directly connected to the main bulb, ft 
is surrounded by another tube H which is exliausted to a low 
Crookes’ vacuum. Jn this form the pressure in the main bulb 
is very low to start with and it has tlierefore a very high 
resistance, and at the start the discharge will ]»ass over the 
path of least resistance across the spark gap and through the 
tube R which is at a low vacuum. Hie bulb A' is iHrectly 
opposite the cathode S in this tube and the bombardment by 
the cathode rays will heat K and liberate vapor fiann the 
chemical contained in it. 'Plus will continue till suilicient 
vapor has been liberated to raise the pressure in the main 
bulb so that the resistance is low enough to allow the di.scharge 
to pass through it instead of through A’. When the diseliarge 
through R thus ceases the chemical in K will cool down and 
absorb some of the vapor which will lower the pressure in the 
main tube again. This will be adjusted again by the discharge 
passing through R once more and heating K and liberating 
more vapor. This side tube attcaclunent thus automatically 

*This type of bulb may be obljuiicd from various inaimfaclnrt’r.H of 
X ray apparatus. 
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regulates the ju'cssure in the main hulk. The pressure at which 
the tube works will depend upon the resistance across the 
spark gap and llirough the side lube, that is on the length of 
the s]xirk gap. 'The working pressure may thus he regulated 
by adjusting the length of the .sjiark gap. 

d'he diflioully caused by the lieating of the anode by the 
impact of the cathode rays is usually best overcome by making 
the anode of a large piece of i)latimuu .so that there is a large 
mass to heat and consetpiently less rise of temperature. The 
anode is also sometimes sujiported by a copper stem as the 
copjxn' conducts the heat away more rapidly. In some forms 
there is a water-cooling arrangement attached to the anode but 
this is not very satisfactory. 

52. Setting up and Manipulation of Rontgen Ray Bulb.— 
Tn starling to luse an X ray bulb without any previous experi¬ 
ence great care shotdd be exercised as it iiresents certain condi¬ 
tions which are no! met with in connection with common 
elecfrical a])])aralus. Althougli a number of rules can be laid 
down for the general use of an X ray lube, still rules can not 
be given to cover every contingency which may ari.se and a 
complete knowleilge of the action of X ray bulbs can only be 
gained by experience. A few general hints in this regard may 
be of value. 

Set u]) carefully the automatic focus lube in the lead box 
as explained in §.pi. Avoid any strain on the bulb. Use 
fine double covered wire, not larger than about No. 32, to 
connect the electrodes of the bulb to the terminals of the 
induction coil, as heavy wires are apt to cause a strain on the 
I)iilh which i.s liable to re.sull in a crack. Do not under any 
circumslance.s allow these wires to touch tlie gla.s.s parts of 
the lube or to come any nearer to the glass than is really 
necessary, for a spark is liable to pass from the wire to the 
gla.s.s ami cause a [umclure of the gla.s.s and ruin the tube. 
C'onnect the negative terminal of the induction coil or static 
machine to the cathode of the Imlh and the positive terminal to 
the anode of the inain bulb and automatic regulator. Careful 
attention should be given to tins to ensure that the discharge 
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passes in the rip,iU (lircvlinn llinm.uh tlu’ \\'lu-n (he dis- 

charf^’c is in the rij’-hl tlireclinn llu' fnllnwinii nhservaliinis will 
aid in niakin^*’ ccrlain of i(; (i) When (he main hnlli lights 
lip the half of the hnlh opposili- (he fare of (lu- anode .should 
be unifonnly phosphori'seenl whiU* (he hall hehiml (he anode 
should be coinparalively dark. If (he diM-hari^e is in (he 
wroiif*- dircelion the ilhiniinadon will be irrep.tdai'. (a) A 
shadow of the anode should be eas( b\ (he ealliodi' ra_\s on (he 
bulb on the side dirc'elly opposiie the eathode. ll the ilis 
charg'e is in the wroii};’ diia'elion (his will not appear. () A 
tube runninj^’ correctly will ca.st a well delined shadow of any 
object on (he lluore.scent screen, while if the disehaiyp- is in 
the wrong’ direction the illuniination on (he sen-en will he 
faint and the .shadows indistinct. 

If the current is sent through (hi- bulb in the wrong diri'ction 
it causes platinum to be given i»lT from the platinum anode, 
which is deposited on the walls of the tnhe and hlaekims the 
tube. When an induct ion coil is used lo drive the hulb there 
is always a certain amount of reversal cnrrenl wliieh is in 
jurious to the bulb. 'I'liis may he eliinitialed to a great i-stent 
by placing a s])ark gap between one of the li-rnun.als id’ the eoil 
and the electrode of tlie lube insteail of eonueeling hotli 
terminals directly lo the tnhe. The length of this spark gap 
can be adjusted by trial so that (he spark ji.a-.M-s without 
difficulty. 

The type of automatic make and break umhI in «-onneelioii 
with the induction coil is of great importance in securing uni 
forniity of action of the Kflntgeu ray hull), 'I'lit' onliiiarv form 
of spring hammer brake atlaehed to coils is not at alt Mut.ahle, 
especially for large coils, for the contacts gradually fuse and 
their action does not remain uniform. .\ Welmelt ijitcrriiptei. 
or motor-driven rotary mereury interrupter, or snnu' sueh tnii 
formly running type gives much more steady action in the Indh 
and is mlich more satisfactory. 

Start the bulb up carefully with a spark gap of from 2 to 
5 cm. After it is started tliis may he regulated to any desired 
length, depending upon the type of rays rtaiuired. Knowledge 
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of this can only be gniwil by experience and definite rules 
cannot be laid down for defiiiile lenj^tbs of spark g'ap,. 

'fo keep a bulb in ^-ocul condition never run it continuously 
for any considerable leuf^-lli of lime as the jiarts arc apt to 
become healed and conditions cbanjjfe. When inakinfv quan¬ 
titative measurements it is best to run it not more than from 
twenty to forty seconds without a slo]) unless the experiment 
really demands a lon}j;'er run. 

53. General Hints on Making Measurements.'— Not with¬ 
standing the great ini])roveinents in Rdnlgen ray bulbs and 
their adjiislinenls tliei'e is still apt to he considera])le want of 
uniformity in the results pnidneed unless certain precautions 
are taken in the use of the ])nll). When taking a series of (pian- 
litalive measurements on the conductivity produced by Rdnt- 
gen rays the first ])reeaulion to be tibserved is to run the bulb 
regularly, that is, run it for eepud limes and allow ecpial inter¬ 
vals of rest between the runs, 'file bulb dties not always start 
11]) at full strength ininu'diately on starling, therefore it should 
be run for a preliminary live seconds or so before starling to 
take any reading on the electrometer or other mca.surmg 
instrument. 

In making measurements a single reading or observation 
can never be relied on alone, as might he done in sonic other 
electrical iiicasiircinenls, on acct»unl of the waul of jierfect 
constancy of the rays, 'file readings should always be re¬ 
peated two or three limes at least and in some cases more, and 
an average of the readings made. Jmlgiueiit will have to be 
usetl as to liie number to be taken aeeorditig to the agreement 
shown among the readings. 

In making eomparative measuremeiils with the electrometer 
the readings ^dl(nlld. as far as {KisNihle, he made over tlie .same 
portion of the scale to avuid iiiaecuraeies in the scale and also 
errors due to the ililfereiu'r of angle at which the beam of light 
falls upon the scale at dilleia-tit |H*iiits, 

When a series of measuremeiils are being taken with the 
eleelronieler its sciisiliveiiess sliouUl be tested at iiilerval.s 
during the measurements to ensure that it is not changing, 
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or if it is changing to furnish a nu'ans of corri'cting fi)r the 
change and reducing all the roudings to the sanu’ basis. 

The electrometer should be set up ready for use in the 
manner dcscri])ed in C'hai)ter 11 in a eonvenient pt'nuanent 
position near hy the. lead box eoulaiuing the Ri'inlgen ray hull), 
so that it may he connected to any apparatus set np in front cif 
this box. 

54. Production of Current Through the Air by Rontgen 
Rays. —Cut two ])lates of aluniinitun about 15 cm. stpiare and 
set them up on edge 011 clean paralliii bhicks so (hat they stand 
vertical. Place these plates parallel to eaeh other alunit (\ or H 
cm, apart and 8 or lo cm. in front of the window tif tin* Riinl' 
gen ray enclosure so that a beam of rays from the bulb .S’ will 
pass between them as shown in h'ig. 31. l )ver the window jihice 
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a thick lead screen with a rectangular hole cut in it about 1.5 
cm. broad and 6 cm. high so that this bole is direetly (Opposite 
the center of the anode of the bulb. Arrange the plates /’ and 
Q symmetrically with regard to this opening. 'I'luse dinieii 
sions are only given as a guide, but the exact widtli of tlie hole 
and the distance apart of the plates and their distanee from the 
hole must be carefully arranged so that the cone e)f rayn from 
the bulb will pass between the plate.s without touching tlicir 
surface. This can be tested experimentally by lioUling the lUm 
rescent screen jnst in front of the plates and noting llie wicllh 
of the illumination on the screen which .should be ju.Hi a little 
less than the distance between the plates. 
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To one plate /' connect the positive ])ole A of a battery of 
small accumulators tif 20 or 30 volts, while the neg'ative jiole 
JJ is connected to earth, t oimect the iillier plate (J to one pair 
of (piadrants of the electrometer throu}>;h a screening*' tube 
(§ [4), the other jiair of tjuadrants heiiijif connectetl tti earth. 
Connect in parallel with an adjustable condenser as indi¬ 
cated. Alst) make a Cininectii)!! to earth throujL,di the special 
electrometer earthing'' key J< (§if)) which is worked by a 
ct)rd at a distance. 

Close the earthiiiji.f key A, adjust the condenser tt» a eapacitv 
of about 0.5 microfarad and start the hull). .After nmninfj: 
for two or three secotul.s i)pen the key A’. Note that the 
electrometer necille imnunliately hej4ins to iiulicate that the 
(piadrants connected with (J are receiviiift a charf^m. If the 
movement of the neeclle is tt)o rapid increase the capacity 
of the condenser, or if too slow decreast' it. ( thserve that 
this char^n’ng' up contiunes as Imi^j as ilie rays continue to act. 
Stop the rays aiul the charKuni^ up will cease. Marth the 
plate Q af^ain through A" and leverse the eonuectiims of (he 
battery so that /* is I'oinu'ctrd to the negalivt' pole H anti ./ 
to etirth. Repeat the last expeiinient ami note that the needle 
indicates that (J leeeives a chaige of opposiir sign as the move 
ment is in the opposite direeiiofi. !N|oji the ravs and close A* 
and then test the elrctitmuiei wsih a sfandartl cell as to the 
.sign of llie charge indicated h\ the uenriiirnt of ilie ncetlle in 
either direction 1^171. 1 he Se t should show that in the 

foregoing experiiiieiil when /' u.o. conneiied to the p«»sitive 
jH)le of the halleiv while the ia\s wete .u'liiig the jilalc Q 
receivetl a positive chaigr, wlnlr wln-n /' w.m at a negative 
[lolential Q received a in-g.divr cliaige. 

After making a ntuiihri .<1 pirlmnuafv fiials of fids nature 
carefully regulate the srn-fineness .d the elesiroinetrr needle 
by adjusting the poirnlia! on n and .do. adjiisi the capacity 
until the rlcCHollletrl laredlr ■ how ■. 4 njoirllirllt of ai»».lti flVC 
scale (livi^ions prs sej-oud Hus i.ill also !«• trgulatesl to MiUte 
extent hy adjtisling llir injnr.su .4 ihr t,n-. I»\ placing a iiielal 
screen in front of the wnui-nv i». cni the iiilcn%i{y. After 
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a convenient rale of inovenienl of ihe nei'dle is oh'uined the rule, 
at which the plate Q chur^vs up can he measured, as the rale 
of charf,dng-up is proportional lo the rale of moviMueiil iif the 
needle, that ivS to the uumher of scale divisions passed over per 
second. This rale may he measured with a slop waleh. 1 lav¬ 
ing made this adjustment repeal the above esperinumls and 
observe carefully by a stop watch the time taken tor (he spot 
of light to move over a given dislauee on the scale. 'I'ake 
several readings first in one direction and llum reverse the* 
connections of the battery and take several in tlie opposite' 
direction. Take the average in each case and llu' same average 
reading should be found for the two ilirei'tions. Make a 
number of .such observations so as to become perfectly famili.ar 
with the method. 

These ex])erimenls indicate that the rays in some way cause 
a transference of electricity from llu* ;iir lo tlu' plate (J and 
the sign of the electric, charge given to 0 depemls upon the 
sign of P. The (|uantity of electricity transferreil pi*r second 
is the same whether it is positive or negative. There must be. 
in other words, a current of electricity through the air between 
P and Q and the current is of the same imiguilmle whether /' 
h positive or negative with regard lo Q. 'The direelion of the 
current depends upon the sign of /’ with regard to (J. 

55 . Variation of Current with Voltage, t'omieel the plate 
P to a potential of only 2 or 3 volts and measure the enrrent 
through the air between the plates as above, that is, me.asnre 
the rate per second at which Q receives a cliargi' as indicated 
by the number of scale divisions moved over per seeouil. In¬ 
crease the potential of P by a volt iir two and again measure 
the current. Still further increase the potential and iletenniiie 
the current produced. Repeat this for gradually inerc-nsing 
voltages and it will he found that the ciirreiil rises with eaeh 
increment of voltage until finally a stage will he reached at 
which the current will no longer increase even with ;i large 
addition of voltage. In making these ohservtitious take at 
least two or three rcading.s at each volpige and take the mean 
as the reading at that voltage. Ibis is necessary «in ucc<»nnl 
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of the slight variatious in the rays given out which cause 
variations in the current, 

J’lot this scries of readings on a curve having for ahscis.ssc 
the voltages applied to P, and for ordinates the corresponding 
currents observed in each case. Since the current is i)ropor- 
tional to the uuinher of scale divisions per second the latter 
may he ])loUcd for the current. 'I'liis curve showing the rela¬ 
tion between the vt»llage ami the current will assume the form 
shown in lug. 32. It will he seen lhal for small voltages the 
current obeys ( )hm‘s law. hut soon begins to fall otT and linally 
reaches a constant maxinuun value even for a large increase 
in voltage. 'This characteristic curve is usually culled a sat\tni- 
tion ciirvi' on account of its similarity in form to the .salura- 
ti(m curve in the magnetizalion 
in iron. 'I'he current corre¬ 
sponding to the ilat ])art iif the 
curve is called the suhfration 
current. When the current 
through a gas between two elec 
Irodes is .spoken the salnra 
tion current is meant mdess it is 
specihcally staled otherwiM*. anti 
when a comiiuristns of currents umler any comlitions is being 
made it is alsvavs the saturation current that is usetl iinlcs.s 
otherwise dehnitely sp'-cihetl. It is extremely iiiiiMirlant to 
observe this or else serimis eon fusion ami erntr will arise. 
The voltage neeessar) l«» j»rt»duee s.iimalion in each partieiilar 
instance shonhl always be irsirt! as the ptiiiU of saturation will 
be reached for lUlTetctU voltages tinder <lifTrrent cireunistunces. 

56. Variation of Current with Dlatince Between the Plates, 
~-Replaee the plate /’ i h'sg 1 bv a sheet of wire gan/.e of 
the same si/.e and turn /' and fj tliioiigh a right angle mi that 
the rays fall pnpemlicubirlv upon (J after passing through 
the gau/e P as shown in log, Make exarlly the same 
amniTtiiins h> tin* hallm. and rleciri.nitirr as in Fig. 3t. 
Make the f»«»lenlia! iMiHrm I' and tj rifua! ttJ ahoiii ^cjo volts, 
r’lace /* and (J ahotii j cjii .iiid itiraHisrr ilir saturation 
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current. Incrcn.se the disltUiot' li^ cm. mid nicM.snrc' 

the saturation currcMit. Repeat this ft»r increasing 

distances until the current has been nieasuri*d for sr.\ or i-ight 

dilTeri'iit distances. Note that the 
enrri'ut inerease.s with tlie distance 
iK'twei'ii the plates, alllumgli in 
each case it is the haturati(ui cur“ 
rent. If tlu* plates arc* nut loo 
clti.se tiigetlier tn start with the cur- 
rent in tlie dilTereut cases will he 
found to he pracliiailly propiirtiimal 
to the distance between the plates, 
'rids is tptile dtl'ferenl troin the coC' 
responding ineasnriMnent of electric 
current through a solid or a liipiid. When the distance between 
two plates imnicr.sed in a li(piicl i.s inereascil the current de 
creases on account of the increase tif resistance between the 
plates. These experiments show however that just the opposite 
result takc.s place in the ease of the enrreiit through air, 

57. Theory of Ionization.- 'Fhese pheiii.niena along with 
others in connection with gases reiidereil coudiieliug by the 
action of Rdntgen rays led j, j, 'riKuiison and hi. Rutherford 
to formulate in 1806 the ionisation tlnnay af ijascs which now 
forms the basis of the whole subject of the eomlueting power 
of gases and which has hecoine itnnly e.stahlisherl by experi» 
ment. According to thi.s thetiry the Rdntgen rays, when they 
pass through a gas, cau.se some of the nioleeules of the gas to 
be broken up into positively and negatively charged earrim's of 
electricity called ions. The electromagnetic energy nf the 
Rontgen rays causes a negatively charged electron to he .sepa 
rated from the molecule of the ga.s acted upon, leaving llie 
remainder of the molecule positively charged. 'Phis proc INH of 
separation is called ionisation, and the gas is suitl to he ioni/ed. 
From each molecule ionized two ions having ecpial charges hut 
of opposite sign are thus produced. 

This theory explains very .satisfactorily the diirereiit prop¬ 
erties of an ionized gas. The tramsference (»f electricity 



Fig. 33. 
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throngli the ^''as is due to the movement of these ehar|4:ed car¬ 
riers under the inlluenee of an electric held. 'I’he positive ions 
are attracted towards the nei^ative eleclrotle and the nef.jative 
ions to the positive electrode, and the movement of tlu'si* elec 
trie charf^’es constitutc’s a current. Siiu'c these ions aiT- chaif^ed 
it is clear why the Ciuuhu’tivily is removed when llu- j^as i^ 
passed throujJi’h the tube with the central wii'e hi-lweeu whieh 
there is an elei'trie (iehl, for the posiiivc ami m‘|i;alive ions ate 
attracted to the nep;ative and piisiiive eleelrodes if.pe« iu«-lv 
and thus reniiwcil from the ^as. When the ipe* eout.u»iini» 
ions is passed throU||h I'ottoii wool or ihr«iuji,di tin- watej the 
ions are caught and left hi’liiml. 'I’lie muuher of moleeiilrs 
which become ionized even in a strongly ioni/eil gas m e\ 
tremely small coiupareil with the total nuinher of molreiilrs 
present, the numher being probably «»f the' ot«bu of muIv !«•» 
or three in a inilliou. Thus when the g.e. is panned ihiough ilir 
idcctric held (»r wool tilter theu” is htlle ehaiier foi m.iin ioii > 
to escape being caught and leiuovrd. 

The gradual «lisapp«*araiiee of the eofuhiiiivity «<! 4 gas is.| 
lows naturally from this theoiy. Wlirsi fhr .or sn.^nsp 
about in the gas it a posiinc and a nrg.dnr' 8«>ii •••sm- jir.a 
cuougli they will allraei each otlnu .yul nniir and ilim. iim 
tralize each «»ther. dlu* tons ilais ireoiHbyir, ati«l .0. fa? .is 
their electrical etleels are conemird dn.apjn .is 

This theory explains ilu’ saliiral jou usii'*- -dvittssig fbr isbi 
tioti lietweesi vidtage and enisriil flnoisi*!} ,1 ipr. brirtirii 
plates, 'rhe greater ihr pofrlili.tl djllru-nir Iwlwrrii Slir 
the greater the foiec ilsawiiig ilsr j.ar. «.i ili<' g. 4 . .ind 
se(|ueutly the faster llsrv %%i!l t«ovr !.5»4jd-. iltr pLiir-. Ihr 
faster lliey niovr ihr glratn u d! Kr llir sssssiiUri lls.i! fr.i.h \hr 
plates per «*rC0|l«!, Itrsidr-. ||% ju.nssig m>-sr .jsiiiSd', ihr ii- 
will te tile rhaijcr «4 flirtr ir* ojiibsutug .md iLri.h-o ilsrtr 

will be more to rr.lfts ihr |4,4!r-i pci sid Ilsr siissn't*. J i 
ioM that rrarii ilir plairs n«-i -Mill ihiJd.-o !«■ jro. 

portiontl til t!sr |♦«»lrl^^s.ll Ilir Iissirsil r-. |j 5.4* ■! O,-.f.,sd * »?sr 




76 


UoN'lWKN KAYS 


rent is therefore ])ropotiii>n:il to the poh'Otial at llu' lowor 
voltaf^es. When however the volta.Ljc- reaehes a eerlaiu amount 
the ions move so fast tliaf tluw praetii'aHy all reaeh flu' plates 
before they have lime to n'enmhine. At sueh a vnlta^je all 
the ions will he removed and the eurrent llu'refnre ean not 
be increased further by increase (d’ vnltaye. d'he current 
will therefore reach a masimum and remain m> for any 
increase in the jiotential. 

The explanation of llu' increa'^e of (‘urrimt hiiueen two 
plates when the distance l)idwcen them is inma-ased is obvious 
from this theory. When the distance is increasi-d the volume 
of i^as acted n])on by the rays is increast'd and conseqiumtly 
the iuiml)er of ions produced j^rows larjjjer in the same pro- 
])ortion. IPhere are more ions lietweim the plates and there¬ 
fore a greater mimher will he di'awn to the plates in unit time. 

58. Absolute Measure of Current. Instead of sini[dv com¬ 
paring the dilTereut currents Ihnmgh an ioni/i’d gas tludr 
value may easily he determined in absolute measui'e. If the 
gas is very strongly ionized the current may in a few cases he 
large enough to he measured by :i very sensitive galvanometer. 
Under the.se circumstances replaee the eleetrometer and eon- 
denser in lug. 31 by the sensitive galvanometer, and, know¬ 
ing the constants and calihrati(»u of the galv.autuneter, deter- 
mine the saturation eurrcnl in the same manner us yoti wotdd 
measure the current in a metallie conduet(»r. As a rnle how¬ 
ever the ionization current is loo sm.all t(» he me.asnred by this 
method and the electromeler method imist he nsed. It has 
been .shown (§20) that if d l)e the iiumher of se.ale divisions 
passed over per .second 1)y tlu* electrometer ma-dle as the insn 
lated quadrants charge up to any given potential, am! (/, the 
number of divisions corresponding to a poteiiti.al of one volt 
on these quadrants, and (' the* tol.al c.ap.aeily in mierofar,ails of 
the .system then the current i ■■ (‘/to" X d i/, .amperes. 1 ?sing 
the apparatus shown in log. 31 make a series of nuaasnrements 
of different currents in nmpere.s as hdlow.s: Kun the X nay 
bulb a few times for fifteen-second ii\lervals with a rest of 
fifteen or twenty seconds between so ns to get it running md- 
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formly. I'Ik’u sUui to take readinii^s. ICarlh the ])lale Q and 
cleclronieter by the key K and see that the electronieler needle 
is at rest. vStart the hull) and let it run for live seeonds. At 
the end of the live seeonds, without sto])])injj: the bulb, pull the 
cord which opens the key K, thus insulatin^^ the plate Q and 
allowinj^ il to ehai’f^e up. I<et it eharjjje up for, say, ten see¬ 
onds, and at the end of this time shut olT the bulb by openiu}^^ 
the switch wbicli controls the coil. When the needle conies to 
rest take the readin^r. 'riien earth the eU'Ctroineter aj^aiu to 
brin|:( the needle to zero, 'bake the time ('arefully in these 
observations by means of a stop wateh or aceurale chronom¬ 
eter. 'I'he number of divisions d are thus obtained. Repeat 
thi.s procedure in each case. Determine d^ by means of the 
standard cell as described in ^ 17. Measure the capacity (' of 
the .sy.stem including the plate IJ, the coinlenser C and the elec¬ 
trometer by one of the methods deseriberl in § O). Supply 
these values obtained in the aliove epnation and tletermine i in 
amperes. I'lie following may be given as a typical esample of 
such a determination. .Supp«»M* the mimbia* of scale divi- 
.sions moved over in ten sounds is 1 which would be a con 
venient rate; thei'efore d 15, I.et d^ Ckk) scale divisions 
and let .oot, ’riirii 1 will be ,i»of 10'* . jq (kh) which 
etpials i.5 • t*'’* amperes. I'nrrcnis ct»nsidera!»ly less than 
thi.s may be measured with accmac> as a much slower rate 
than fifteen divisions per second m.n be (»l»srrvcd with great 
ease. 

59, Guard»ring Mathod. In mr.iMuing the mni/ation cur- 
rent between two pla!«-s a stij! fmtlirr .’nnl iinjMtrlani precan 
tion tiiusl 1 k’ taken in ifir arlangnurnt «.( ihr plates in order 
to secure greater a(’cm.i«\ When a «!ilfrtrncr «4 potruiial 
is estahlinljed Diween two jatallr! piair-. the rirciric firlil is 
not strictly p«-r|K-ndic«!4f i>> flu- pLnir ot the pl.iir*. over ihr 
whole area of itir pl.iirs, !»tii .«jiH ihr cryii.il portion, 

the lines of foscr. ur.ir ihr r»|gr-. spfradttig I>ttl tn fiiivrsl Imrs. 
The tlmve mrasninnrni-. ,nr jsj.idr ««n ihr .loaiinpsimi that 
the field i‘. nniform. ihnrfoir oisi^ ihr pospon the iot»/cd 
gas in the spact' !*cU\cr« lllr sliolilil \ m ' lisol. 
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This may he (Umc hy wluU is ralk-d tlif j^uanl-rini:? 

method. The cenlral {utrUtni of ihc (dale (J is mil (•ul, leav¬ 
ing a margin 3 or 4 cm. in width. 'The pari cut out is replaced 
liy a plate h'ig. .VP which is just a 



little smaller than llie (.pcuiiig, so that 
there is a space all round of tudy idiout 
0.5 min. d’iiis cenlral purliou should he 
carefully iusidated which may he done 
conveniently hy supporting it hy U- 
shaped pieces of ehouitc lasteued to it¬ 
self and to the oiitm- rim hy screws, 
d'his central part .1 is then ctmuected to 


Fig. 34. the electrometer, while the tiuler rim is 


connectefl to earth. The plate /* re- 
mains the .same sijie as the outer rim. ‘I'lic ioui/ation is thus 


measured only throughout the ceutrid part of ilu* held over 
the area of // where the held is uniform. 'I'his pnuei[ile of 
the guard-ring is a])plicahle in a great variety of ea^es, and 
in all such ca.ses as we have heen considering wluu'e the uni' 
formity of the field is necessary it should he u^ed. 

60. Dependence of Ionization on Quality of the Rays, t he 
number of ions produced in a given volume of air, and there¬ 
fore the current through it. depends to a great e\leul upon the 
quality of the rays employed. " .Soft " rays are more efheient 
ionizers than “hard" or penetrating rays. 'To secure a large 
amount of ionization in a gas it is best to m^e a moderately 
“soft" bulb. If several bulbs are available wliieh give out 
rays of different qualities measure the ioui/atiou produeed by 
each one in turn in the same .space between tlie guard ring 
plates and under the .same conditions. 1 f the automatic hull) of 
the type shown in log. 30 is available vary the ((uality of the 
rays by varying the length of the spark gap hetwceii llic main 
cathode and the auxiliary cathode. With a short spark Umglh 
the rays given out are softer than for a longer spark gap. as 
with a short .spark length the pressure in the l>ulh is compara 
tively higher. Measure and compare the amount of ioniza¬ 
tion produced when different lengths of spark gap are used, 
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that is for didcrctit (itialilics of rays, llnlt'ss the* rays are so 
soft that they are diniini.slied loo niiieh in intensity 1)y absorp¬ 
tion the softer rays shoidd l)e found to produce more ioni/.a- 
tion than the very hard rays. 

Tn each case immediately after mcasnrinfii' the ioniy.alion and 
before alleriiif^ the spark gaj) place a sheet of brass or ahnnin- 
iuin in the path of the rays between the Indh and the pfuard- 
rinjj ])lales and measure the ionization produced by the rays 
after passin^^; tliron^;h the plates. If the rays arc very i»ene' 
traling a f^reaf proportion of them will i^o throuf^h the plate 
and be elTective as ioinziTs on the other side, but if they are 
not very penctraliuf^ a very small i)roportion will get through 
and therefore the ionizing etTect will In* cut down. The 
ratio in which the ioni/alinn is decreaseil by passing the rays 
through the metal sheet will be a measure in the inverse ratio 
of the iH'netraling power of liie rays. \\y meaiH t>f these 
measurements compare the relative penetratitjg power «»f the 
rays with tlieir ioiii/ation power for rays t»f difTerent (|ualities. 

6i. Absorption of Rontgen Rayi. tni Ih'Soiitis. DidVrent 
materials ahsurl) kitntgen rays of any given 1 \]h* by flilfrient 
amounts. An apjiroximate sjualitafive comparison of ilu* rela 
live alt.sorbing pjovers of bodies b.e» been given in § We 

are now in a position to nuxisme ibr\r ab*»«>rpiivr jKnvers iimre 
definitely, 1‘Iace the UMUi! of guard ring plates al«nit iK or 
20 cm. in front of the wnnluw in the usual |»«»*dlion. Measure 
the saturation eufreiit brtwem fbr plilrs. ilirn place a Hhrri of 
the ahsorliing matmal to Im* irsir.l of 4 given ilnrknrss in the 
path {if the ravs beHvrrn llir !iitll» .md die jdalrs and inea%iirr 
the suturation enrrriis aKaiii. A r«*i«|i4nsofj of liir riirmils in 
the two eases will give ibr |wrrrsit.igr of ibr r.n s hh 

the decrease in the imn/aiton will l»r piop^.*!i** the 4r 
crease in the s|iniiiiii\ *»f »l«r to .}li’»»* 5 |»i!on Sc-curr a-» 
large a varirly as jMr>>.sb!r of -dirris «4 iliiirrnfi kunls of siirial, 
glass, WtMiil, ric., all «d llir s.iisir llin <4 .ilwnil j njiii 

Compare the a I‘sm! pi ton jirnulMird b\ llir difirinal 

and mite ritrrfnll) ilic I'rrai i.iiigr of Mr 

peat this serio. inung a tliflnni! sjii.ilili *4 i.i)*!! and lioir that 
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the rehilive poiK'lralinK l>'>\vi*rs may iml ma-csNarily 1 h- the 
same for (lilTert'nt kinds of ray>. Make a isiiiiiiaralivi' lahlo 
of these mcasurcmeiUs for refcreiuT. 

Now seled any one material whieli may lie olilained in thin 
sheets of uniform Ihiekness, sneh as tinfoil or alnminimn foil. 
Measure the ahsorplion proiluei'd h}' a sini^h* '•lu’et of linloil, 
then introduce another .sIkh'I and mea^tire the ah-'ni-ptit>n pro¬ 
duced by the double thickness. Continue thus addinj; a sherl 
at a time and observe liow tbe absorption inereasi-s with the 
thickness. It will be found that this absotpliou does not in¬ 
crease in direct (iroportion to tbe tbiekness. li a Indb of me¬ 
dium hardness is used it will be fo\nul that the iit'si law layers 
of tinfoil produce a greater percentage ell eel than the remain¬ 
ing layers, owing to the fact that there is a mtMnre of r.ays of 
different ])cnctrating powers and the softer rays are largely 
absorbed by a few thicknesses of metal, while the harder ones 
pass through with little absorptioti. at\d after the softer rays 
arc cut out more layers in proportion li.ave to be introdneed 
to cut down the intensity of the tnore penetrating rays to the 
same amount. Measure the absorption prodnerd by the dif 
ferent substances in this way. Repeal ibesr measurements, 
using clififercnt (pialities of rays. 

(b) Standard Tcst.- lu making a series (d* nieasiiri-menls 
such as the above, in order to obtain any reliabh' eoinparisons, 
the source of the ray.s must remain eotislaiu tbronglioni, or 
if it docs not there must be sotue means of cheeking any 
change in the source and correcting for it. b‘or tl»is reasjm 
a separate test apparatus .should he ijilrodueed (o deteel and 
correct for any change if it does occur, .\ eonvenienl arrange 
nicnt for this [)iirpose is .shown in b'ig. ,^5. /‘ and (J are the 
guard-ring ])latcs corresponding to the plates /* and C in b'ig. 
31, the connections of wliicli are the same as before. Another 
set of plates R and N exactly similar to /’ aiul (J, but only 
about one half or one third the sii'.e, are introdneed in the posi¬ 
tion shown and form a standard lest apparalits. .S' is couueeted 
to a separate condenser and to a key II of the form slmwn in 
Fig. II (&), so that S may be ijisulaled from or connected to 
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the cleclromclcr at will. If // is raiscnl then ,V is iusulalcd, aiitl 
while the rays arc acting it will charge up. If // is clo.scd 
while K is open this charge is ihrovvti inlo ihc cleclrumcler and 
it may he incasurcd. 'Phe lest of the constancy of the rays 
should he made in the following manner; Run (he hulh in the 
usual way and open the keys // and K at (he same instant. .V 
charges up for the same time as (J hut is insulatial from 
Take the reading for (J and then discharge () by earthing it 
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through K. When the rn-rdlr r«»}nrs i.. u-.i in-aiLilr (i .ig.iin 
and then close II, ihtis tliiMwiiig t!ir ehafgr Ciicrii.ijisrd hv .V 
and its cotulen">»*r int** the rh-t inautiri takr ihr f«»r 

this eliarge. I’hi** gives a uir.rmir mI ihr SMjij/ing |i,.wrt <4 
the rays lielween .V and h\ rath mr.i-.iif rmmf <4 cut mil 

betwwii P and (J makr ihr -.iimilianrujis iiitM'aitrMirMi iw'iwrnt 
^ and S. If aiiv rfiangr su ihr tav* si %vil! Iw- .Irlrctcd 

by the standard PS. aii»l a c»n!r»!v««ii m.n Ur m.j, 1 r i>«t ibr 
readings for ilir ciirrmi k'lttmi I* .mil u 1 br 
body which i- to hr fr* 4 cd f. fillird 111 ihr -.iMsr / Ur!i.%rr« T 
and ‘flir itifr*Mliniioti *4 llimr U-Hlsr-* 4sir. .Pw. 

not affect ihr condilmiri firlwmi !%' 4m< 1 wliilr If .Isi '.'. iw 
tween I* and (J, If ihr ir-.i .ipiMi.uii-i »rir ^irirsn nswUi 
not Ite certain ivlirlbn ,i«v sli.mgr m il%v Urlami 

Find Q wrrr *liir jtiinrU in lUr .!|di..48 <?f lUr ni 

/or partly dlir l*» IIh-s .ilnl p.lflH dor lu ui llir -ssiHfr-r 

of the ray^i. fit all Mir.riwrmris!' *4 iln. lUi', ii-*, 
ptnte should Ir «-*.r 4 4 -i ^ ilsrti < 4 ! llir 54 V= 


7 
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(c) By Liquids.—] Ai[nn\i^ also aliMirh Rrmtf^en niys to a 
considerable extent. 'Phe absorptiiui prudm-ed by liquids may 
be measured in exactly llie same way as that pruduced by 
solids, by placinj^ the li(iuid Cdiitaiiietl in a cell with parallel 
glass sides in the space / and testing a^ befnrr. In this instance 
to obtain the absorption produced by the litpiid alone the ab¬ 
sorption produced by tbe cell when empty must In* separately 
measured and subtracted from the total attsnrptiou produced 
by the cell plus the containerl litpiid. foinpare in this way the 
absorption produced by various li«pntls. AKo select any given 
solution and measure the absorption for dihVrent concentra¬ 
tions of tbe solution. 

(d) By Kfintgen rays are ahsttrbed by gases in 

their passage through them, but cjf course to a very much less 
extent than by solids or liepiids, Supjiose th.at / is the energy, 
or intensity, of the ray.s, and when they jia^-s tljnmgh unit 
length of the gas a fraction X! of the energy is absorlu’d. then 
a small change dl in the intensity in passing thnmgh a small 
distance dx is given by llie relation dl Xld.r, hinee dl is 
a decrease while dx is an increase. 

Therefore — Xt/.v ; 

Therefore by integration log / |. r A.r where c is the con¬ 
stant of integration. Therefore if l„ is (he intensity of the 
rays when a* = o, that is the intensity before any ahstirption 
takes place, 

log / --log /„ - A.e. 

/ 

Therefore 

«u”id f * 

The fraction X is usually termed the coeflieieut of uhHorption, 
It is a comparatively small number, ami it is not so easy to 
measure by the same method as was u.seci in the case of solids 
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and liciuids as gases produce such a comparatively small 
amount of ahsorplion. 'Plie following experimental method 
used hy Kulherfonl and the author is a convenient one for 
determining A. and comparing (he ahsorptive powers of gases 
under dilTerenl conditions. 'I'lie arrangement of the api)aratus 
is shown in I'ig. 3!). cl ami d' are two Ijrass lubes about 5 or 
6 cm. in dianu'ler and aliotil one nu‘(er long. The ends are 
closed l)y aluminium cajts about i mm. thick. These tubes 
should he made as nearly as possible exactly alike and should 
he ga.s-tight. 'riiey are placed .symmetrically with regard to 
the hull), so the central axis of each passes through the center 
of the anode of the bulb, il) ami CD' are two exactly 
similar sets of guard-ring plates for delcrmining current. C’ 
and D' are connected to opposite ptiles of the battery. D and 
C are connected together and (o the electrometer. The guard- 



rings are, as u.sual, connected to earth. When the air between 
these two sets of plates is ionized the plates D and C will 
receive charges of opposite sign, and if the amount of ioniza- 
tion is the same in both cases, the charges will be equal and the 
electrometer needle will show no deflection. M and N are 
thick lead screens to prevent any stray rays from reaching the 
test plates. 

riace the several parts of the apparatus in position as sym- 
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metrically as 5 )()ssil)lc: llivii Icsl wlu-tluT llu- rlivlrumeler 
needle balances under llie inlliumce (d‘ the twn npjmsite itmiza- 
tion currents. If lud, Jidjus! tlie [•iiNitititi ftj the l\vi> sets of 
plate.s by trial until a lialauee oblaiiUMl. ‘The i.i\s in passiuji; 
throng'll the lubt' are ah'-orlnal b> the ppu- in the tuhi'. 11 the air 
be exhausted from ./ the altNorption in ./ uill be leN-'Ciu-d and 
the intensity of the ray.^ which teach l P will be greater than 
the intensity t>f those which reai'h ( ;iud the babaiu'c will be 
destroyed. If both tubes are eompbiely e\hatt-.|i-tl tlie bab 
ance should be restoreil. 

Suppose that I is the intensity of tin' ra\s uliich rt'ach either 
set of plate.s when b(»tli tubes are i’t>nip!et<'ly exhausteil; then 
when both tubes are full of air at atnm-.pherie pressttre the 
intcn.sily will lie /e where A is tlie eoefiieient of abstirptioii 
and d the length of air passed tliroiigli. .'sinee the enrreuts 
between C and and between t ' ami />' aii* pjnpsiitidnal to 
the intensity of radiation, therefore if J i*. e\!iausted and ./' 
fvtll of air the ditTereuce between tlie eurreiits will lie pro- 
portional to the diftereiiee lietween the iuteiisitii's / and ft. 
that is, to /.— /e'Xrf Suppose again that the ra>s eoining 
through A' be completely cut olT by a lead screen while A is 
still completely exhausted, tlien the rnrreiil brlweeii i' and P 
will be proiKjrtional to the intensity / nben no .de.Mt pii.m t.akes 
place, and therefore 

Diff. bet cnrrcnt.s when A is exliatisicd and ./' full of air 
Total current when A i.s exliansted and ra\s tin<nigh A ent olT 

/ /» -w 

/ 

Let djssratc of mnvctneiU tif tin* needle when A is ex 
hansted and A' full of air, 

Let djsssrate of movement when the rays iliiongli A' .are 
cut off by lead screen, 

/_ /e A./ 


Then 
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Therefore i ' «= y ; 

'‘2 

llien l)y c'xi)atisioii W *= j , 

"2 

since A is very small and lenns beyond the first power may be 
ne^dected. 

Start with both lubes full of air and adjust till a balanee 
is obtained, b’xhaust A ami observe the delleelion d^. Then 
place a thick lead .screen between A' and the plates CD' and 
olxscrve the delleelion Measure the len|j;th d of the tube 
and calculate A. 

No constant standard value can be K‘ven for Ibis eoetricient, 
for it varies with the tpudity of the rays, d'he softer the ray.s 
the larger will be the value of A. Rutherford and the author, 
working with fairly penetrating rays, obtained a value eijual 
to o.cHiojyt), but the eoeOieient may be mueii larger with 
softer rays. 

Measure the eoetlieients of aliHtirptitai fur any (»lher gasrs 
which may he eonvenienlly ohtainrd. Compare also the ah« 
sorbing powers of ditTrrenl gasrs by hist tilling boili tulK’s 
with iiir at atniosplieiie pressure and balancing ami ihrn rC’ 
placing the air in cl l»y other gases in turn and observing the 
alteration in balanee in each ease, 

6a. Deptadiace of loaiiatka oa Premure of the Gai. I'Mr 
a given type ‘d’ !a>s the amoimi <4 iom/.ibon (lr|H*iids 
the pressure of tlir gas. Thr liisnsbrr of iiiolrriilrs m ;i given 
volume is profiurliona! I»» the pir-.'.nir of ibr ga*. ami ronsr 
quently the niimliei of niMlreiilr-. lo k- soiii/rd iiierrasr'* willi 
the prei4siirr and an ineir.isr m umii>dtitm wiili lurir.i-ir of 

pressure is to hr exprelril. lo iiir.jsMir llir. r\|i-r! inirnlalH .ill 
tir-tight icirii/alioii elwmlM-i wsll In- iir« . ,\ •^sisiablr onr 

is iltowii in i*’ige j;* Ji* a bi.o-. iCusdri .ilnnsi 15 rm 
cltameter au*l .|o rtn. long, ibr tt.ill. iH-mg j msis 

The eiltl ts 1»% .1 pl.jlr s.i|,|rtrd of bj4/€*d |o ||ir 

Cyliltfler, Al the mil a lir.iii, fl.iJige «il aknii 145 
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cm. thick and 3 cm. iu width, fdtin^ the C}dinder tij^htly, is 
soldered to it. An ahmiinium plate aluuit 0.5 mi. thick and of 
the same diameter a.s the llani^e is made to lit closely on the 
face of the IhuiKc, .sd it may he holted iirmly to it. 'riiese sur- 
faces slioukl he turned as smooth a^ possihle to obtain a close 
fit. '’.I'lic central part of this plate is recesNed down to a thick- 


S 



ness of about i mm. over an area of (1 or H cm. in diameter so 
as to allow the rays to pa.ss into the cylimlcr without being 
diminished too much in intensity iu passing through the alu¬ 
minium. The joint between tlie plate and the llangc may he 
made air-tight by placing a .soft lead wire altont i mm. iu iliam- 
eter in a circle on the flange inside the holts and then placing 
the aluminium plate on the wire and bolting it down tightly 
until the wire is squeezed down to ahoul half its original thick¬ 
ness, as described in § 31. T and 7 *' arc two side tubes 5 cm. 
long and placed diametrically oi>po.sitc. P ami /” arc a .set of 
guard-ring plates about 6 cm. apart made of aluminium. .V and 
S' are two stout bras.s rods which pass through ch*mite pings in 
the ends of the tubes T and 7 *' ami support the plates /* and /". 
These rods should fit tightly in the ebonite plugs ami may he 
made to screw into the face of the plates /’ ami P\ 'Die elion- 
ite plugs and the inside of the lubes T ami V .siimihl he 
threaded so that the plugs may screw into the lubes to with" 
stand the strain when the ga.s prcs.sure i.s increasetl from within. 
If all these joints are carefully made to fu tightly lliey can 
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finally be made perfectly air-tight by waxing with paraffin. 
The plates P and P' are connected in the usual way through .S’ 
and S' to the electrometer and battery respectively. 

riace this apparatus a short distance in front of the Rontgen 
ray bull) and very carefully adjust the position of the cylinder 
and the size of the cone of rays so that the rays will pass 
between the plates without touching them. This adjustment 
is very important, in order to avoid any secondary radiation at 
the surface of the ])lates, and it may be very accurately made 
by calculating the distances and dimensions for the cone of 
rays and leaving a sufficient margin for safety. Place the 
standard test api)aratus between the bulb and the cylinder so 
as to test the constancy of the rays during the experiment. 

Starting with the air at atmospheric pressure measure the 
saturation current between the plates. Then reduce the pres¬ 
sure by about 10 cm. by the air pump and measure the satura¬ 
tion current and also measure the pressure of the air. Repeat 
this until the pressure is reduced to a centimeter or less. Also 
increase the j)res.sure by stages above atmospheric pressure by 
pumping air into the cylinder, and measure the saturation cur¬ 
rent at the dilTereiit pressures until a j^rcssure of two or three 
atmospheres is reached. At each measurement test the inten¬ 
sity of the rays by the standard test apparatus and if any 
change occurs correct for it. More than one reading should 
be taken at each pressure and the mean taken to ensure greater 
accuracy. Plot a curve showing the relation between ioniza¬ 
tion and pressure. This curve should be a straight line show¬ 
ing that the ionization is proportional to the pressure. 

63, Dependence of Ionization on the Nature of the Gas.— 
Another important factor on which the ionization depends is 
the nature of the gas ionized. For any given type of rays the 
amount of ionization i)roduced in a given volume of gas under 
constant conditions is (juite different for the different gases. 
The heavier gases, as we have seen, ab.sorb the rays more than 
do the lighter gases, and the greater the absorption the greater 
the ionization. The ionization produced in different gases may 
be measured by means of the apparatus used in the last experi- 
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mcnt (Fiff. 37). SUuiing with air at alnu^sphorii' prossuro 
measure the saturation current. Tlu-n exhaust the* cyliiulcr 
as rapidly as pussihlc and rclill with aimtlun- j^as, say hydrej^^cn, 
and measure the current. Ki'pi'at this fm- all the dilTerent 
gases which may he conveniently used, avnitling, cif course, 
any gases which will act upon the nietaK in tlu- vessi-1. 'I'he 
relative ioniication in the dinereiit gast’s will thus he ohtained 
by reducing these readings to the same scale. 

In replacing one gas by another it is best to exhaust and 
refill two or three limes, so as to eiisui’i' that no tract* of the 
preceding gas reinain.s. Make sure aFt» that the pressure is 
the same in all cases. Keep the temperature .‘is nearly con¬ 
stant as possible. In filling the lulimler with gas dry the gas 
very thoroughly by passing it through a sei ies of drying 
agents as it passes into the cylinder. If iIun precaution is 
neglected serious trouble will result due to the destruction of 
the insulation inside the cylinder, as well as the eoiupliealion 
of results by the dilTereul amounts of nmistui'e present at ilif- 
ferent times. As usual lest the rays at eaeh reading by the 
standard test ap{)aratus. 

Use a dilTerent gualily of Kdutgeu ray*, eiihei' by using 
another bulb giving out a dilTerent type td' niys oi‘ by altering 
the spark gap in the .selfn'egulaling hull) .-lud rep«'al the experi 
ments with the same set of ga.ses. If the ruvs usnl in the two 
sets of readings differ considerably in ([uality it ulll Ik* found 
that the set of num1)cr.s showing the relative ioui/.-ilion in the 
second case will dilTer somewhat from those lihlaiueil in the 
first instance. 

These experiments show that in general the deiisiT the gas 
the greater the amount of iotuKalion prodnectl by Kt'mlgi’n 
rays. The relative ionization i.s not however proportional to 
the relative densities of the gases, 'I'he relative ioni/alion de¬ 
pends upon the quality of the rays used, d’he more pene 
trating the rays the more nearly does the ioni/aliou heroine 
proportional to the den.sity of the gases, Imt no r.‘iyH havi* as 
yet been found to give exact proportionality. 

64. Recombination of Ions, (a) Theory. W'e have seen 
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(§47) that the conductivity imparted to a gas by Rontgeii rays 
])crsists for a short time after the rays have ceased. The con¬ 
ductivity gradually disappears, and the greater the quantity of 
ionization the more rapid will 1)C the rate at which it dies 
away. If a comparatively weak source of rays be used it is 
found that when the rays begin to ionize the gas the saturation 
current gradually increases, showing that the ions gradually 
increase in number until a steady state is reached, when no 
further increase in the number will take place, no matter how 
long the rays act. As the rays are continually producing ions 
they must be disappearing at the .same rate as they are being 
produced when the steady condition is reached. What becomes 
of them? They are jmsitively and negatively charged bodies 
and in moving about in the gas must collide with one another. 
When a laisitive and negative ion come together they neutral¬ 
ize each other electrically anti disappear, as far as pi'oducing 
any conductivity is concerned. The rate at which this recom¬ 
bination of the ions takes place is an important factor in deter¬ 
mining the current through a gas. When the number of ions 
is large the chances of collision are increased and the rate of 
recombination is ct)nse(juently greater than when the number 
of ions i.s small. 

The ]K).sitive. and negative ions per cubic centimeter arc equal 
in number. Suppose the number of each is n. Then the 
chance.s of colli.sion taking i)]acc will be proportional to n X n. 
Therefore the rate at which they recombine will be propor¬ 
tional to U" and will consequently equal an^, where ot is a con¬ 
stant independent of n. This constant a is called the coefficient 
of recombination and is the fraction of collisions which result 
in recombination. Suppose that q is the number of either 
positive or negative ions produced per second per c.c. at any 
stage of the ionization. Then the rate of change in the number 
of ions must ecpial q~an^. But the rate at which the ions 
change is ecjual to dn/dt, where dii is the small change in num- 
her in the time dt. "I'hercfore, 


dn 

di-’’- 


aid. 


(>) 
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If the rays be suddenly cut ofT then q becomes j'.ero and 

(/ft 


therefore 


f// 

(in 


323 —> 


ai//. 


Therefore by intep:ralion -. t/ii nl 1 c wluTe c is a con¬ 

stant and n is the ntmiber of ions per c,c. at a time t after the 
rays cease. Let Ar=-. the maximum number of ions per c.c. at 
the instant the rays cease, that is when t u. 

I 1 

Therefore ™ ~ rxA (2) 

// A ^ 

This equation gives the number of ions n per c.c. at any time 
t after the ionizing source has ceased to act if a ami N are 
known. 

Again suppose that before the rays cease a steady stale exists, 
that is, the rate of production is etpial to the rate of rectim- 
bination. Under these conditions no change is taking place 
in the number of ions present per c.c., and eonsetpiently 
dn/dt = o, and therefore, hy ecjuatitni (t), q since in 

the steady state n = the maximum number N. 


Therefore 


(X ** 


N^' 


( 3 ) 


If the ions are produced within a given volume of gas between 
two electrodes such as two parallel plates, aiul .since q is the 
number produced per second per c.c., then the quantity of elec¬ 
tricity produced per c.c. per second will etpial r/ x e where e i.s 
the charge on each ion. Therefore if the saturation ctirrent c 
between the plates be measured in absolute nieahure q x e will 
be proportional to this current and tlierefore q x e kc where 
k is a, constant. 

Again if the ionization be allowed to reach the .steady state 
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with no difference of potential acting between the plates, then 
N will be the number of ions actually existing per c.c. at any 
instant during that steady stale, and therefore X will be 
proportional to the total quantity of electricity existing in the 
given volume of gas. If the rays be suddenly stopped and at 
exactly the same instant a high potential be established between 
the plates so that all the ions are suddenly driven to the plates 
before any recombination can take place then N y, e will be 
proportional to the whole charge c^, measured in absolute units, 
received by the plate. Therefore N X c-~k^c^, where k-^ is a 
constant. 'I'herefore supplying these values for q and N in 
equation (3) a will equal 





Therefore 


I- r 

^ “ /, 3 • ■ • 2 ■ i 


/v. 


(' 



I' 


where /v = 




This constant K depends upon the dimensions of the ap¬ 
paratus and its position relative to the Rdntgen ray bulb. By 
measuring c and c\ and determining K for the particular appa¬ 
ratus the value of a may be determined in terms of e, the 
charge on an ion. 

(b) lixpcruni'HkdDek^rminaHon,'—‘The actual experimental 
determination of a is somewhat troublesome, presenting sev¬ 
eral diniculties, and extreme care must be taken to secure satis¬ 
factory results. It has been measured in absolute measure 
independently by Townsend, Langevin and the author, each 
one using a different method, the author using the one de¬ 
scribed above. The values obtained by these for a in air at 
t>rdinary pressure and temperature were respectively 3420 x c, 
yjoo X e and 33B4 x where e is charge curried by an ion. 
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The followinpc cxpcnirn’iit will show in a fairly simple 
manner the rale at wliieh the imis reenmbine ami may he used 
to verify the fornuila in etinutiua (Jl. .//»’ t Imk"- 31^1 is a 
brass lube about 4 cm. in diameter and ahnut a meter long. 


Small brass rods a, h, c ami t/, all I'xaetly alike ami ahunl U or 
8 cm. long, arc held in place tm (he axis nf the tube by bra.ss 
rods passing through ebonite plugs in the .side of (he tube. At 
HK about half the tube is cut away ft>r a length of to em. 
and the opening is ctivered with thin ahunininm. 'This is to 
allow the rays to pass into the tube and loni/e the gas in the 
part/ID. Pass a slow sleaily current of air thnmgli AH from 
a gasometer by weighting llic gastuneler .so us to secure eoti" 
stant pre.ssure. Maintain this .stream of air a.s steady a.s 
possible. Place a plug of glas.s w«k)1 at .1 so as to remove all 
dust partickvS from the air us it etiters AH. Ah the air passes 
AD it is ionized and this ionized air is carried pa.st tlie elec¬ 
trodes c and rf. The farther theair procei*d> along the tulu' 
after passing D the longer time have the ioun to reetunhine, 
and the number of ions at each electrode shonld be less than at 
the preceding one. Connect the outer tulie to the Initlery as 
shown and connect the elcctrotle a to the eleetmmeter and 
measure the saturation current. 'Fhen coimecl /» to the elec¬ 
trometer and measure the current, and d«) this in turn for 
each of the electrodes. In each case all the electrodes but the 
one connected to the cleclromelcr must he ennueeted to the 
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tube so there is no field between the tube and these electrodes 
to extract the ions before they reach the particular one under 
consideration. 'The current should be proportional to the 
number of ions ]>er c.e. in the p-as as it passes each electrode, 
dlic decrease in this current as we pass from one electrode to 
the next is a measure of the decrease in the number of ions 
in the time taken for the air to pass from one electrode to the 
next. This time taken by the air to pass between two elec¬ 
trodes may be determined by observinp^ the total volume of 
air which leaves the ^-asometer per second and measuring the 
cross-section of the tube AB. Uy altering the speed and 
reiicating the measurements the conductivity corresponding to 
other intervals of time may be obtained. Knowing the exact 
]iosition of the volume of air ioni/.ed by the rays determine 
the time taken by the air to pass from this position to each elec¬ 
trode in turn. Let these times be t,, L, etc., and let the number 
of ions per c.e. at each electrode be n.^, etc., which are pro¬ 
portional to the conductivity niea.sured at each electrode. Plot 
a curve having as ordinates the conductivities and as abscissae 
the corresponding times. 

In eciuation (2) the value of n for any given time t may be 
obtained if N and a are known. Supply two of the exiieri- 
mcntal values for ;/, and 11.^ along with the corresponding values 
for and in the C(j[ualion and thus obtain two numerical 
e((uatifms in N and a, and from these .solve for N and a in 
relative number.s. Now supply these numerical values for N 
and a inecpiation (2) andageneral numericale(|uation between 
n and t will be obtained. Select any values for t and solve for 
the corre.sponding values for n and then plot these theoretical 
values for /; and I on the same scale as the experimental curve 
already plotted and compare these two curves. The experi¬ 
mental curve and the theoretical one .should agree very closely, 
thus verifying llie theoretical curve and the formula from 
which it was obtained. 

65. Diffusion of Ions, (a) Theory.—\{ two gases, such as 
hydrogen and earboii dioxide ftn* instance, arc brought together 
and left in contact and undisturbed they gradually intermingle 
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or (HiTnsc into one uiinllun’ owin^j tn tlu' nmtion of tlu‘ mole¬ 
cules. The same thiiiK' (Hrurs in tlu* ease of an ioniml gas, 
The ions are in nintion. aiul if there is an e\eess of ions in one 
part of the gas they will tlilVusc to the other part. If the ion¬ 
ized gas is in a closed vessel tir hetween plate eleetrotles the ions 
will diffuse to the sides (d the ve -'-el or the plate-, .-mil disappear 
from the gas. Sometimes in a very eonthied space the dilTu.sion 
to the walls or electrodes is an even tiiore import,•ml factor 
than rccomhinatioii in e;msing the loss nf inii'.. hut in a large 
volume of gas the dillusion is much less inijjortaut in com¬ 
parison with rceomhination. A stmly of this dilTusion of ions 
throw.s considerahle light on the eontlitions existing in an 
ionized gas atul lea<ls to some intportutit results. 

The rate at which the itm.s dilTuse depeiuls upon the nature 
of the gas in which they exist, as is to he expeetetl, ju.st as 
the rates at which dilTerent gases diiruse are ditTereiit. The 
diffusion of lon.s through the he,ivy gm.se.s i.s .slower than 
through the lighter ones. In a very tiry gas the negative 
ions always diffuse faster than tin* positive ious, while if the 
gas contains considerahle moisture the raters of tlilTusion of the 
positive and negative ions are much more neaily etpuvl. 'I'he 
rates of diffusion of the pcisitive and iieg.itivc* ion^ diiTer more 
in some gase.s than in other.s. 'riiis difIVrenee hetween the 
positive and negative ions explains the phenomenon whieh is 
so often observed that if an ioni/ed gas containing ecpial num¬ 
bers of positive and negative ions be passed liirough a metal 
tube it will emerge positively charged, 'riie negative ions 
diffuse faster to the side.s of the tube than tl«» the positive ions, 
and conseciucntly more negative than positive ir.ns are lost 
and the gas emerges with an excess of positive electrieitv. 

The rate at which ionS diffuse through gase.s is imieh slower 
than the rate of interdiffusion of ordinary gases, h'or in 
stance, air and carbon dioxifle interdilTuse over five tiuu's us 
fast as the positive ion diffuses through moi.st rarhon dioxide. 
Heavy gases diffuse slower than light ones, and since the rate 
of diffusion of both the positive and negative ions in rarhon 
dioxide is so small compared with the rate of diffusion of 










DIFFUSION OF IONS 


95 


carbon dioxide into air, the natural conclusion is that the mass 
of the ion in carbon dioxide is large compared with the mass 
of the molecule. This is true in the case of other gases also. 

"Jliese facts have led to the theory that both the positive and 
negative ions at ordinary pressures consist of a cluster of 
molecules surrounding a charged nucleus. Ionization is be¬ 
lieved to consist in the separation of a negative electron from 
the neutral molecule and then this charged electron becomes 
loaded with a cluster of molecules of gas and forms the nega¬ 
tive ion under ordinary conditions. The positive ion, on the 
other hand, consists to begin with of the molecule deprived of 
the electron and then a cluster of molecules forms about this 


positively charged centre. This theory accounts for the fact 
that the positive and negative ions diffuse more nearly at the 
same rate in moist than in dry gases, for in dry gases the 
negative ion is smaller, but in moist gases it becomes more 
loaded up with moisture than docs the positive ion, and con- 
sec[ucntly its rate of diffusion decreases more than that of the 
positive ion. 

This theory is sup])ortcd by the fact that as the pressure of 
the gas is lowered the coefficient of diffusion of the negative 
ion increases faster than that of the ])ositive. It has been 
shown by J. J. Thomson and by Townsend that at low pressures 
the negative ion i.s identical with the electron. These facts 


point to the conclusion that the negative 
ion at low pressures lose.s the cluster of 
molecules attached to the electron. 

The cakndation of the rate of diffu¬ 
sion in most cases becomes somewhat 
complicated, luit as an illustration one 
of the .sim]ilest ca.ses will be considered 
here namely the diffusion of the ions 
between two ])aranel plates. T..et P and 
Q (ff'ff- 30) two parallel plates 
in the ionized gas and consider the 



Fig. 39. 


passage of the ions by diffusion across a small rectangular 


.space of thickness dx and cross section ABCD of unit area. 





^6 U(int(;kn rays 

Lot nlic the uuinljor of ixisilivi- and iit llu- nmnlu-i' of iir^alivc 
ions ])cr c.c. 'I'liou Iho miiiilu'f of j)o>i(ivt‘ ions ilia( pass across 
the face .UU'P \m- second 1>\ ilirfn''ion will he proporp'oual 
to ii}i/dx and will he c(iital (o H dn dx, where /> is a consianl. 
'Thereftn’e the rale <d’ increase tif the positive ions in the small 
volinnc will he d,'dx of (/^ dn dx) which cpnaL P d'n dx\ 
11 q is the nimiher of inits per c.c. proilmasl iti the pas per 
second hy the ii>nl/.lnp‘ source then the total rate of chanpc in 
the niitnber of ions per si'Cond v\hich is tl>i tit will he made 
up of three factors, namely, rale of prodnefion q, rale of 
diffusion 1) d'^ii/dx'^, ami rate ol reconihination itiu). 


Therefore 





tP/t 


■wm, 


since q and D d'^ii/dx" holh leml lo increaNC tin* uuiuher in the 
small volume while mini lemL to ilecrca^e tin* mnnher. Wlum 
a steady slate is reached dn, dt o, since there is no cluuiLje, 
and therefore 


q -p /) 


dh( 


anm o. 


If the plates are very closr pipether so that the loss in the 
number of ions due to dilTimion is much more markeil in 
comparison with that due l(» recomhinalion, then ihe lerm 
anm may he neglected and the equation heCitnicN 


..d^n 


If however the plates are several centimeters apart so that the 
loss by diffusion to the plates is very small eompare<l with 
the loss by recombination, then the lerm lUPn dv' <lrops out 
and the equation reduces to the one we eonsiilered in con¬ 
nection with recombination ahnte. 'hhe (plantitv P is called 
the coefficient of diffusion and is one of the important con¬ 
stants in connection with ionization. 













HIi‘'f-rstd.N (ii- i<*\s 


(h) li.vpt'rintciifdt Ih'ii'i luiihtdon, ‘i‘lu‘ r\jirt inu-utal tlr 
Icrniiualiiiii of llii^ rui'niricnt P in ab-nlutr inr.iHnrf invnlvfH 
some (HfliiMillio^ ami rri(uiroH vory i-ari-ful maiiijnilalioH. 'Flu* 
followiu^^ otnnparativoh simpir r\pfnim-nt will -.rivt' -a’litply 
lo illuslrato llu' ralo "t (liilioion of iuic. wUIimui tls-lriiniu 
iiif^ P in alKoliUt" incaHtiH’. PP « I’iK. .pt! i-. a ljta-.N ttiho 
about 5(1 cm. bm^ ami 4 rut. tlianu for. ( P asi ahuiiiiuuin 
window about to ctm louf.; to allow llu- ia\*. to niti-r tlu- 
tube. ()btaiu soiiu' bra^*. inlniiK about 4 miii. inti-nial diaiu 
t'ler ami of as unilonn boia- a-^ possible, ( n! a »l«»/i-n Iriii^ths 
exactly 10 eiu. loiiji^. In two luas*- disk*, wiiieb ti^‘hlly lit 
inside the lai^^e tube .IP )»t>re a do/eti boles syininetrieally 
arratif^ed aronud the eeiilfe «if the disks, ami into these hole’s 
soltler the small tubes as shown at «/•. Make also another set 



I* to. 4(t, 

of a dewen small Uibes exaetly the same as alMive, only make 
them I etn. loiijif Insteatl of to enn Make the tlisks to fit the 
lube yIP aeeurntely, so that no gas ean pass between the <lisk 
and the lari^er tube, but not rif^ldly fastened so they may be 
removed. PI' is a brass tube alKUtt itt cm. l«*ng and just large 
enough to lit tightly into the end of .IP, so that it may be 
removed at will. // is a eentral eleetrode about 10 cm. long, 
insulatetl by an ebonite plug K as shown. The tube EP and 
the electrode // are Cimneeted up iu the usual mamier for 
measurement as indiealed. 

Place the long set of small tuhcH at B and pass a steady 


8 
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stmun f)f air from a constant pressure gasometer (hnnif^h llic 
system enterinj^ at . 'rUe f^as is loni/A'd by the rays before it 
enters the small Inbes and on its passage thvtiUKb them loses 
some of its ions by dilTusitui to tliewallMd' these lubes, t'hurf^e 
the tube Iil< positivi'ly and lh(' jiosilive ions whieh escape from 
the tubes ah will be driven to the electrotie //. ami the rale at 
whieh 11 Charlies up will be pr.tporlional t.> this numlK'r of 
positive ions. Measure tins rale of cbarf.;(‘ by the eb'Ctroineter. 
Then charj^e liF nej.tatively, and similarly the chai se persi'Cond 
acquired by // will be proportional to the mnnber of nep;alive 
ions which escape from the lubes ah. Repeat these measure¬ 
ments several times, keepinj^ the stream id' air constant. Note 
that more t)o.sitive ioiisescape than ne|.;ative ions. Now replace 
this set of tubes by the set of short ones and repeal the nieas- 
urements, heiiif^ careful to luaintain iheslia’am id' airof exactly 
the same velocity as before. In the second case more of both 
positive and negative ions should escape, as they have a shorten* 
time to diffuse while passing through the tubes, Roth sets of 
ex])erimeuts should he repeated, using a stream ol air of a 
different velocity. If the velocity is slower fewer ions should 
escape, while with greater velocity more should escape to be 
driven to the electrode //. 

The air before ])assiug into . IH shoubl be thoroughly dried 
and freed from dust particles by [lassing it through drying 
agents and through a plug of glass wool. 'I'liese experiments 
may he repeated, using moist air, when it should he found 
that the difference between the tlilTusion of the positive and 
negative ions is less than in the dry air. 

66 . Mobility of Ions. When an electric Held is ajiplied to 
an ionized gas the charged ion.s move under llie iitlluence of (his 
field. The velocity with which they move is of importance in 
many cases. The velocity of the ions under a potential gradi» 
ent of one volt per cenlimeler is generally termed the muhility 
of the ions. As in the ca.se of diffusion the velocities of the 
positive and negative ions are not the same, 'riie velocity 
of the positive ion in any given ga.s is always \vss than that of 
the negative ion. 
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''.riK' niobilily of ions (U'pnuls upon the luilure of the jja.s in 
which tliey are produced, iu'int^^ f^rc’ah'r in li^dil Ilian in heavy 
gases. In dry air, for inslanee, the velocities of the ])osilive 
and negative ions respectively an* 1.3/) and i.Hy cm. per second 
for a potential gradient of i volt jier cenlinieler, while in 
hydrogen the corresponding vahu's are (k/O and ".tgS cm. jier 
second. 

d'he presence of nioistun* has a marked effect on the mobility 
of ions, causing, as .a rule, a diminution of velocity, esjiecially 
in the case of the negative ion. 'This is more marked in some 
gases than in othei's. 'This diminution of velocity in the prc's- 
ence of moisture is a fniiber indication, especially in the case 
of the negative ion, of an increase in size by becoming loaded 
with moisturi'. 

1'he velocity of the ions also varies with the pressure of the 
gas, as would be expected, for the fewer the number of mole- 
cules jiresent the less would the itms be retarded by collisions 
with the molecules, and they would thus have greater oiipor- 
tunity to gain in speed under the same electric held. 'I'lns 
velocity is found to be very approximately inversely projior- 
tional to tbe pressure of tin* gas. At low pressures however 
an nnnsurd increase in velocity of the negative ion lakes place, 
greater than would la* expected from the mere change in pre.s- 
snre, which imlicales a diminution in size of the ion at the 
low pressure caused by the ion shedding the molecule.s which 
adhere to it. 


'Phere are several experimental methods which have been 
iisetl to measure the velocity of ions under dilTerenl conditions. 
Some of these are applicable 
only to a determination of the 
sum of the velocities of the posi¬ 
tive and negative ions, while 
others are only .suitable for spe¬ 
cial case.s. Hy the following 
method, which is due to Zelcny, 
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theory of the method is as follows: Supftnst' .IH .'uul C'P 
(Fig. 41) represent two coaxial metal cylinders between which 
a stream of air is passed at a constant vehtcity in a tliri'clion 
parallel to the axis. .'\ narrow, well (lelined section iitit of 
the ga.s as it passes along is ionized by Ufintgen rays. A 
constant (HiTerence of potential is maintainetl l)elween the tniln- 
and inner cylinders. 'Phe i(ms will therefore have two com¬ 
ponent velocities, one due to the uioliou of the gas p.arallfl to 
the axis of the tube and the other at right angles to the axis 
due to the electric held. If the outer e\liuder be positive with 
regard to the inner, then the path of a pttsilivc ion sf:uiing 
from a point 111 will be represented by the line n/t/. If the 
potential be reversed this will repre.sent the path of a negative 
ion. 

Let a and b be the radii of the inner and outer cylinders 
respectively, E the potential ditTerence between them and A' 
the electric field along the radius at utiv point /» at a distance 
r from the axis. Then by the ordinary formula for the electric 
field between two cinixial cylinders, 


A' 




E 



Let V be the velocity tif the ion tine to unit electric Held 
and its velocity due to the field A'. 1 'hen 


t'l ^ , 

^ log 

Let ^^2 be the velocity of the air current parallel ttt the .axis 
and dx the small distance ])aBse(l over in this direetion in the 
time dt; let dr be the distance traver.sed by the ii>n along the 
radius at right angles to the axis in llie .same lime. 'rUen, 
since the distance traversed is proportional to the veloeily, 


dx 

dr 
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Tlicrcfore 


and 


I 

(fs oBt - - fi/■/)'=B v.xir \ 

i\ ^ Jt.v ^ ’ 




/ / 

iV- j 


wlierc X is (lie tola! horizontal distanct' lietwcen nm and d. 

Since llic f^as is travellini^ with a velocity v.;, cm. per second 
the volnine (d’ passing between the cylinders per second 

^»h 

is e((ual to I Jrn'.jlr, which may he deiK)te(l by PV, and 
there Fore 


'Therefore 



IF 

2Tr' 


Jw ’ 27r' 


and 


«SB 


r F , /> 

27 r/iv 


(0 


The volume I/'' may he determined by observing the number of 
cubic centimeters of gas which leave the gasometer per second. 
1'he distance .r is the maximum horizontal distance traversed 
hy an ion starting from the inside surface of the outer cylinder 
and this distance depends upon the potential /t; the smaller the 
value of Jl the farther will the ion travel in a horizontal direc¬ 
tion. An ion which .starts from a point nearer the axis than 
the inside surface of AU will not have a chance to travel so 
far, as it will he jmlled in to CD sooner, and therefore only the 
ions which start from the inner surface will reach the distance 
a'. To determine x experimentally the inner cylinder is divided 
at d hy a narrow space so that the two parts are insulated, 
the right-hand one being connected to an electrometer and 
the left-hand part to earth. If H is great enough all the ions 
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will be pulled into the part (V. but if li is ^o*a«liially (liiiiiiiisbed 
a point will be reached when the inns j\^st reach the i>art dl), 
and this is indicated by the inovenuait of the electnuneter 
needle. Thus the distance x is kiitnvn and tin* ct>rrespt>ndin|,»' 
value of ii may be delerminetl and IT, a ainl /> may all he 



I'u*, »ia. 


measured and the vahie of 7^ calculated from equation (t). 

In practice some small curreclitms havi' to he matle on ac¬ 
count of the diffusion of the ions and their nmtual repulsions, 
etc., the details of which may he found in the tiriKinal papers. 
The arrangement of the apparatus for this detenninatitm is 
shown in Fig. 42. /K- aiul /t/t are brass tubes of the same 
diameter of about 5 or 6 cm. 'I'lie part (7t is a thin walled 
aluminium tube of exactly (be satnc internal diameter as the 
brass tubes. This is to allow tiie rays to pass through, d'he.sc 
arc fitted end to end and the joints made gas light hy fitting a 
ring tightly around the joints and waxing them on tlie out¬ 
side. The total length of these combinetl tnbt‘s shonhl he alxnU 
a meter. EF is a thin aluminium lube t cm. in diameter, cto 
axial with /IB and closed by conical .shaped emN and divided 
at the point H into two parts, so that llie hpnc<‘ separaliug them 
is 0.5 mm. Thc.se two separate portions are supported !»y two 
stout bra.ss rods, R and 2 ?,, pa.s.siug tlirough ehonite plugs titling 
into the wall of the tube /IB. At a ili.slance of 4 or 5 cm. from 
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H a narrow cross scciion of tlic air is ionized by llie rays 
from (lie bulb, 'riie width of (bis section is re^mlalc'd by two 
thick parallel lead screens, ,S' and S\, in which narrow slits 
are cut about 2 or 3 nun. in width. The electrode is con¬ 
nected to the electrometer, while R is connected to earth and 
the outer luhe i.s connected to one pide of a batti'ry, while the 
other pole is to earth. 'The steady stta'am of from the {gas¬ 
ometer enters the (nlie at Start the stream of {jas thronjjfh 
the tube at a slow rate tif only a few centimeters per second. 
Start the Ri)nl{»'en ray bull) and put on a fairly larj^v positive 
potential !•. on the outer tube from the battery /!/. 'I'est 
whether the electrometer receivc'S any charf^e. If it dt>es in¬ 
crease the potential on Ali till it receives no charge. Then, 
keeiiing the stream of gas perfectly constant, carefully adjust 
this jiotenlial until the electrometer is just on the j)oint of 
receiving a charge. (Ibserve this potential /t, which will he 
the reipiired value of li for (he positive ion. Now reverse the 
battery and make Al^ negative and again carefully adjust the 
potential and let it be Ah. Then 

velocity of positive ion ^ /tg 

velocity of negative ion /f. 

Find from this the ratio of the velocities of the jjo.sitivc and 
negative ions. Determine W from the ga.someter and mea.snre 
X, a and h and calculate from etpiatioii (i) the ah.solnte velocity 
for both tbe po.sitivc and negative ioius. 

Change the speed of tbe air current and rei)eat the experi¬ 
ments, suid from these observations determine the velocities. 
This .should he done for .several different speeds of air cur- 
rent.s. d'hese oh.servalion.s .should give very approximately 
correct values without applying the various corrections men¬ 
tioned above and will give a very good idea of the velocitie.s 
of ions without making the experiment too elaborate. 

In these experiments the air should be thoroughly dried 
before entering the tube by pa.s.sing it through drying agents. 

A fterwards moist air may be used to test the effect of moisture 
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on the velocities. The veloeilies in dilTerent ^^use.s .shotild also 
be determined if a .snlheienl snuply td' other ^nises is obtainable. 

67. Ionization by Collision. In a former paragraph (§55) 
the relation between the ioiii/.;ilion current and potential in a 
gas at atmo.spheric pre.ssnre was considered, and there it was 
.shown that when the voltage reached a certain value all the 
ions present were swept to the electrodes and no further in- 
crea.se of cnrreiil could lake place ftir an inereaM* of voltage, 
and the saturation current was obtained. At low pressures 
however in the neighborhood of 1 mm. of mercury the relation 
between current and potential pre.^'iits a new phenomenon 
which doe.s not appear at the higher pressures. 

This may he studied by means of the iiiui/alion ehamber 
shown in h'ig. 37. Adjust the distaiu'e between the plates /* 
and P' to about 2 cm. Adjn.st the widtli of the cone of rays 
so that they do not touch the plates as they pass 'tlinmgh the 
ga.s. Kxhanst the vessel to a pre.ssnre tif ahout t miii. Con- 
meet 5" and S' to the electrometer and to the negative pole of 
a battery respectively in the usual way. Apply a potential of 
only a few volts to S' and mea.sure the current between (he 
plates when the rajos arc acting. Increase the jHJtciitial by ;i 

few vtdts and measure the 



Fio. 43. 


current, (‘oidimte this until 
a potejitial of about 3(K) volt.s 
is reached, keeping the pres- 
sure eonstanl. Plot the curve 
for current aiul voltage. Re¬ 
peal this for two or three 
diiTerenl pressjires behtw a 
millimeter am! plot (he curves, 
1'he curves td)taified .slumld 
present the general form 
shown in h'ig. .gp It will he 
(ihservetl that for eompara’- 


lively low voltages the first 
part of the curve up to a point // is of the same f«»rm as the 


saturation curve at atmospheric pre.ssnre, hut when the voltage 
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is increased beyond a certain amount the current begins to 
increase again, at first .slowly and then very rapidly. The 
voltage at which this increase begins will depend upon the 
pressure oF the gas. 'I'lie increase of the current beyond the 
]K)int // must be cau.sed liy an increase in the number of ions 
due to some cause other than the original ioni/.ing source, for 
we have already seen that Rtinlgen rays produce fewer ions 
at low ])ressures than at higli pressures. 

Now we know that if a stream of rajiidly moving cathode 
ray tiarlicles or electrons be allowed to pass between two elec¬ 
trodes in a cathode ray tube an ionization current is produced 
between the electrodes, showing that the rapidly moving elec¬ 
trons or ions must have ionized the molecule.s of the gas. 
1'o ionize a molecule a certain definite amount of energy is 
re(|uired. A moving ion ])ossesses kinetic energy, and if the 
velocity is suniciently great it will jio.sse.s.s sufficient energy 
to ionize a molecule if it collides with it. Thus, if the moving 
ions ac([uire suliicient energy fre.sh ions will be produced. The 
kinetic energy of the ion de[)ends upon the velocity and the 
velocity dejiends ujioii the electric field and upon the chance 
the ion has of ac(|niring‘ .speed among the molecules of the gas. 
At atmospheric pressure the molecules are .so numerous that 
the ion is not able between two colli.sion.s to acquire sufficient 
velocity under ordinary electric fields to ionize the molecules 
hy collision with them, hut at low pressures the molecules arc 
.so few in numher and far apart that the speed of the ion has a 
chance to increase sufliciently under smaller fields between col¬ 
lisions to ionize the molecules when it strikes them. Under 
these circumstances then the few ions iiroduccd hy the Rontgen 
rays acquire sulTicient velocity under the influence of the elec¬ 
tric field to tiroduce fresh ions hy collision with the molecules 
and the.se ion.s in time produce more and the number increases 
very rajiidly with tlie increase of voltage. This incrca.se is 
therefore only observed at the lower prcs.surcs under ordinary 
conditions, for at the higher pre.s.sures the voltage necessary to 
produce the reciuired velocity i.s so very large, being at atmos¬ 
pheric {iressurc about 30,ocx) volts. I’or ordinary electric fields 
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this produciioti of ions l)y collision is only (»l)scrvccl for prcs- 
fiiu'cs below abonl 30 nun. of inetvury. 

This theory of ioni?:alion by collision furnishes a very sati.s- 
factory exiilanatioii of the electric spark fbrtiuj^h a ^uis at 
atmo.spheric pressure. 'Pberc are always a few ituis exi.sting 
in gases which can he detectcil only by sensitive instrninents. 
If a voltage high enough to produce a spark is established 
between two points the few ions existing in the held will 
accpiirc a velocity sulVicienl to ioni/e the molecules against 
which they strike; these new ions in turn will produce nu)rc 
ions by collision, and so the number inere;ises very rapidly, 
until there are enough ions to carry a current ami this current 
is the electric, spark. Since the gas is at atmospheric jire.s- 
sure the voltage laspiired is very large, but with decrease of 
pressure the ion.s acciuire vehicily umre easily and the potential 
necessary to produce the di.scharge decreases. 
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68. Ultra-violet Light—Up to the present we have, for 
the sake of simplicity, confiiiecl our alleiition chiefly to the 
ionizutioii prodneeci hy Rtiutgeii rays, Cathode, I.cnard and 
Canal rays all produce ions, hut these rays are limited in their 
a])plication to gases at low pressure. 'I'liere are still other 
sources from which i(»ns may he produced. If ultra-violet 
light rays fall ui>on the clean surface of an insulated plate of 
zinc which is negatively charged the plate will lose its charge, 
while if the plate he uncharged to hegin with it will acquire 
a positive charge. If the plate is positively charged to begin 
with, no loss of charge lake.s place. These eflfccls, which are 
called photo-electric efTecls, have been shown to be due to the 
liberation of negative corj>uscIes, or electrons, from the metal 
by the action of the ultra-violet light. In a gas at atmospheric 
pressure the electrons become attached to the molecules and 
act as ordinary negative ions produced by other agencies, but 
if produced in a gas at very low pressure they do not become 
loaded with the molecules of the gas and consequently have 
a small mass. 

69. Method of Producing Ultra-violet Light.-“Light rich in 

ultra-violet rays may for general uses be obtained from various 
sources, such as an ordinary arc-lamp or the spark from an 
induction coil between zinc, cad- 
'mium or iron terminals. P'or 
making definite measurements 
liowcver a constant source is 
desirable, and the following 
method will be found to produce Fio. 44, 

very satisfactory results. Two 

iron wires a and If (h'ig. 44) about i or 1.5 mm. in diameter 
are fitfed into screws which are supported by a wooden frame 
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ABC. By nu'.'uis of tlu'si* srrt'ws ilu* tlisiaiun* apart of the 
ends of the wires may Ik* adjusted. 'I'lifsf wires art* uiadv* the 
terminals of the seeondary of an iiuluetinn rtiil in parallel with 
which there shonld he .'i capacity of three nr four ^'otul sized 
T.eyden jars. An altc*rnatin}t current is sent thrnuj^h the 
primary and this enrrent shniild he adjnstet! sn that with a 
spark leiiK’th of from .( to (i mm. the ends of the iron wires 
a anti h shouhl hecoine while hot hnt not hot eiioiiph to melt. 
If this spark is rim at repmlar lime intervals ilnrinj; a series of 
mea.snrements and kept carefully adjnsteil it will jij;ive a very 
satisfactory stnirce for a coiisiilerahle lime. 

In cases where f^reater accuracy is tlesiretl a nuu’e reliahle 
though a more elahorate spark arrangement sluiwii in h'ig. 45 
may he used. AB is a hrass tnhe about 4 cm. in tliaiiieler 
and 12 cm. long. ('ami are two side tubes about t.5 cm. 
in diameter and () nr H cm. long. 'The iitm wires ii and h pass 
through glass tubes / and f t<t prevent sparking between the 
wires and the brass tube. 'I'hese glass lidu-s in turn pass 
through ebonite plugs in the emls of the tubes, d'he joints are 















hinders the passajjfe t)f the nil ra-vie del rays. Such an arrange¬ 
ment, which is due In \'arley, will he fuund very conslanl over 
considerahle intervals. 

With either of tiu'se foi'ins of spark to secure constancy (lie 
current in the iinhiclion coil should he kept constant, the 
spark length should he nuiintainetl at a constant length aiul the 
s])ark shonitl he run at regular lime intervals, as far as 
possible. 

70. Ionization by Ultra-violet Light. An ionization cham¬ 
ber snitahle for testing the ionization produced hy ultra-violet 
light is .shown in log. .gi, in which .-//I is a hra.ss cylinder, of 
which tlie length ,1 li is about f) cm. and the diameter ^tC 10 
cm. An opening ah, 5 cm. in diameter, in the end is dosed 
hy a ([uarlz jdate P sealed to the brass hy wax. J) is a side 
tube 2 cm. in diameter and 5 cm. long, in the end of which an 
ebonite plug fil.s. 'Through this plug jiasses a light brass rod K 
on the end of which is a metal circular frame ff 6 cm. in 
diameter, across which is stretched a rme copper grating’ con- 
si.sting of very fine wires not 
mt)re than 0.3 mm. in diameter. 

Tliis grating .sjiould he situated 
not more than about a centi¬ 
meter from the cpuirtz window. 

A. zinc electrode //, 5 cm. in 
diameter, is supported hy a hra.ss 
rod which pas.ses out through an 
elkmite plug, wliich in turn fil.s 
into a brass tube UP, soldered 
into the end of the large cylinder 
and ahoiil 5.5 cm. in diameter. This zinc plate may be adjusted 
anywhere from 5 to 10 mm. from the wire gi*ating. Before be¬ 
ing placed in position Ihi.s plate should be thoroughly cleaned 
with emery ])aper so that it may present a bright, clean surface 
on which the ultra-violet light i.s to fall. All the joints between 
the ebonite and metal, etc., are made ga.s-tight by waxing. The 
wire grating i.s connected through the brass rod K to the elec¬ 
trometer while the zinc plate IJ is connected to the negative 
pole of the battery, the other pole being to earth. 
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vSct ni) the spark apparatus so that llu? source of ultra-violet 
lif^ht is at tlie principal focus of a convex lens uf (piartz. in 
order to obtain a parallc-l heani of ultra viidet light after pass¬ 
ing through the lens. Allow this heaiu to ikiss into the ioni-z.a- 
lion chamber through the window /’ mul fall nornially upim 
the 7.inc electrode 1 (. 

Start with the air in . IH at aluuispheric pressure. Rim the 
spark a few times to secure regularity of action and then 
mea.sure thecurreul produced hetweeu the plate and tliegrating 
in the usual manner for dilferent voltages on the plate //. and 
plot the usual voltage-curreut curve. NiUethat with even fairly 
high vollage.s it does not reach jicrfect saturation. Reverse 
the potential, making // positive ami lest the eurrent. Xnte 
that in ihi.s ca.se no current is produeetl, whereas if Riiutgen 
rays were usedanetiual eurrent would he proilucetl. 'I’liis indi¬ 
cates that in the. case of ultra violet ligiil the current is in only 
one direction and must he carrictl by negative ions «mly, for 
when 11 Is positive the grating receives im charge. Reiluce 
the pressure a few conliineter.s lunl tleterniine llie voltage- 
current curve with // charged negatively. Rejnsil this ftir 
various pressures Indow an atmosphere. Note at llie lower 
pre.ssures that the curves show tlu* second rise corresponding to 
the production of fresh ions by colHston. If. at these pres 
sures, the potential on ll vvliich will cause ions to he produced 
by collision he clianged to the same positive |Kitential a current 
should be okserved, for under these contlitiorm both positive 
and negative ions are proclueed by the collisions of the negative 
electrons with the molecules, and therebire imm «»f huili sign 
arc present and a current may Ik* obtained in Imlh tlireelions. 
Test this carefully at different pressures. 

Replace the air by other gases in turn and re[K*at the experi” 
ments performed in air. Compare carefully the vt»itage>ciir“ 
rent curves obtained in the different gases. 

Several other sukstances besides m\c exhibit this phott)- 
electric effect, such as potassium, sodium, lilbium, magnesium, 
etc. Copper, platinum, silver and a few other metals exhibit 
it to a less extent, 
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To obtain (his piuito-declric cfTcrt (lie surface of tlu' zinc 
or other metal employt'd slionhl he as eloan and well jxilished 
as possible. If the surface hecomes tarnished the elTect is 
greatly dimiiiisheil or even entirely destroyed. 

71. Photo-electric E'atigue. 'I'he rate of emission of elec¬ 
trons from some metals is innch grc'ater at (lie beginning of 
the exposure to (be ultra violet light than after the light has 
fallen upon the surface for sonu* time. 'I'liis elTect is usually 
known as photo-electric fatigue, 'j’he cause of (his phenome¬ 
non has not yet been thoroughly determined, as it appears to 
depend upon a v.ariety of coiulitious, such as the nature of the 
metal employed, (he nature of the gas surrounding the metal, 
the pressure t>f the gas and even the {juality of (he ultra-violet 
light u.sed. It may easily be observed in (be case of zinc in 
air at atmo.spheric j)ressure. Starting with a perfectly clean 
zinc surface in rur at atuiosjthcric jirc.s.sure test (be pbottt- 
electric. efTect at intervals exteiuling over some time and note 
that the elTect tliminishes appreciably after the ])la(e has been 
exj>osed to (be light for .some time. 

72. Incandescent Solids. Many years before the ionization 
theory of gases was aflvanced it was known that a red-hot or 
white-hot metal c;iuseil (he air about it to comluct electricity. 
If a metal electrode be placetl near to a metal wire aud the 
latter l)e healed until it begins to glow a eiirreiit through the 
gas will he produced and the electrode will receive a cliarge. 
The charge received by the electrode and the current depend 
upon several ct)ndilions, such as the temperature of the wire, 
the pressure and nature of (he gas surrounding it and also 
the material of the wire. 'Phe behavior of hot metals and 
the gases surrounding them is very irregular, hut it has been 
found that the gases surrounding these hot metals present all 
the characteristic j)ropertics of ionized gases. In general the 
re.snlts of experiments .show that metals and carbon heated to 
incandescence in high vacua give off negatively charged car¬ 
riers. The ratio of the charge to the ina.ss of these carriers 
has been shown to he the same as for the cathode ray particles, 
and the electron liberated by ultra-violet light at low pressures. 
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This, along with other considerations, has led to the theory 
that these negative corpuscles are distrihuted throughout the 
volume of metals at all tem])eralures, hut when the metals are 
heated to incandescence the cor])Uscles ac(iuire suHicient energy 
to escai)e into the surrouiuling space. 

At lower temperatures and higher pressures positive car¬ 
riers are given olT from some metals when healed. Although 
this (|uestion has been investigated to a considerahle extent, 
yet the phenomena seem so complicated tliat no very {lelluite 
explanation has as yet heen arrived at. 'riie results seem to 
indicate that the pt)sitive carriers are due in some way to a 
disintegration tif the hot metal or to some chemical action aiul 
that the ])osilive carriers are large compared with the negative 
corpuscles. 

The general action of heated .stdids in this regard may he 
illustrated hy the following experiments. 

73. Heated Platinum.-The form of apparatus shown in 
Fig. 47 will be found convenient for the study of liealetl 
platinum. AB is a glass lube about 4 cm. iu diameter and 10 
cm. long. A fine platinum wire ah i.s fasteued at the euds, hy 
welding, to two heavier plalhinin wires ai, wliieh are sealeil 
through the glass at the ends of the lube. is an alumin¬ 

ium cylinder from 2 lo 3 cm. diameter surrounding the plati¬ 
num wire and su[)ported hy an aluminium rod //, which is 
fastened to a platinum wire sealetl ihrougli the end of the tube 
T. A coii])le of narrow slits should he cut in this cylinder 
opposite to one another so the wire may he .seen as it is 
gradually heated up. 

Conuect through a suitable adjustable resistance I\\ ami key 
K to the wires c and d a battery //, of large storage cells 
capable of producing a steady curretd of several amperes for 
the purpose of healing the wire ab. Connect l!ie wire ah 
through one of the terminals c to one pole (jf a set of small 
accumulators //^ and the cylinder PR lo the electrometer in the 
usual way as shown in the diagram. Start with the vessel 
filled with air at atmospheric pressure and gradually increase 
the current through ab from the battery II^ until ab begins to 
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glow. Maki' liu' |)uU‘ of JI,, 01 iniici'tod to ah (lu' positive one 
and when the wire ])eg’ins to g'low ol)serve that tlie cylinder 
receives a i)ositive charge, indicating the passage of positive 
electricity from ah to the cylinder. Make ah negative and note 
that the. cylinder receives no charge. 'I’his indicates that only 
positive electrification is given off at this teinperatiirc, Graclu- 
ally increase the temperature of the wire and note, that the 
positive charge received hy the cylinder when ah is positive 
gradually incri'ases until a maximum is reached at about the 
temperature of a yellow heal, and as the temperature is further 
increased the cliarge receivc'd hy /’A’ diminishes. 

Starting again with the wire at a temperature of about a 
yellow heat, or a little above this, gradually exhaust the air 
from the vessel and observe (be current between ah and the 
cylinder at the dilTerent stages. Note that for a consider¬ 



able range of pre.ssure below atmospheric pressure no very 
great change of current takes place until a pressure somewhat 
below a millimeter is reached, when the gain of positive charge 
by the cylinder begins to dimini.sh and finally when a very 
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low pressure is reached the charp:c received by PR chauj^cs sip;n 
and finally reaches quite a high negative value, showing that 
the hot wire at this low pressure givt'.s ofT negative electricity. 
Ill order of course to delect this the potential on ab must be 
negative and this should be carefully experimented on about 
the reversal point. 

When the low pre,ssnre, at which the negative electricity i.s 
given off, is reached keep the pressure constant and measure 
the ionization current for ditTerenl potentials between oh and 
PR and plot the current-voltage curve in the usual manner, 
which will be found to resemble the usual form of saturation 


curve. 


If the platiiuuu wire has not been healed before it will be 
found necessary to keep continuously pumping out the ves.sel 
at the low pressures to ‘maintain the [ires.sure constant, as the 
healing of the wire causes it to give olT occluded gases which 
increase the pressure in the vessel. Similar measurements 
may be made with a fine copper wire in place of the platinum. 



Fig. 48. 


74. Heated Carbon.- -Similar ]ihenomeua at 
low pressures may he observed iu the case of 
heated carbon, h’he carbon filament from a 
small ineaiuleseent lamp may be utilized for 
this purpose, 'fhe thick filament from an 
8-volt lanqi will 1)e found snilable, and it may 
be used without removing it from its fixlure.s 
in the lam[) by breaking cdT the lop of the 
lamp A (Fig. 48) and then cNirefully joining 
on a wide glass tube T wliicb has first been 
drawn down to a smaller diameter and joined 
on to the tip of the lamp. After the joint is 
made it may be carefully blown out to a larger 
size so as to admit the electrode /fi which sur¬ 
rounds the filament This electrode II con¬ 
sists of an aluminium eyliiuler wliieli is .sup¬ 
ported by a rod sealed through the glass tube 


D. On the other end of D a bulb II is blown and the joint 
between this bulb E and the tube T is made with sealing wax 
as described in §31, 
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The discharge of electricity by the carbon filament must be 
tested only at the low pressures, for in the presence of oxygen 
the carbon oxidizes at the high temperatures and would con¬ 
sequently be destroyed at the higher pressures. Test the dis¬ 
charge from the carbon at the low pressures as to whether it 
is positive or negative. Determine the current-voltage curve. 

Substitute hydrogen for air in the vessels and repeat the 
experiments with both platinum and carbon and compare the 
results with those obtained with air. 

In some of the above experiments it will be found that the 
current between the wire and the electrode is so large that it 
may easily be measured by means of a sensitive galvanometer. 
In these cases it will be found more convenient to use a gal¬ 
vanometer instead of the electrometer. 

75. Ionization from Flames.—Flames form another very 
common source of ions. Gases surrounding flames contain 
ions and will conduct electricity. If two electrodes are placed 
some distance apart in an ordinary Bunsen flame quite an 
appreciable current is observed which may be measured by a 
galvanometer. If the air surrounding such a flame be drawn 
away from the flame it is found to be still conducting, as a 
gas ionized in any other manner would be. Ions are produced 
by a considerable variety of flames, but it is necessary for the 
flames to be of a comparatively high temperature. Low 
temperature flames do not produce ions. The ions produced 
by flames appear to be much larger than ions produced in 
other ways, for their velocity has been measured and found to 
be much less than that of other ions. 

The experimental determination of the electrical conditions 
in flames is somewhat complicated by the fact that in order 
to make measurements metal electrodes must be used and when 
placed in the flame they become incandescent and give off 
electricity themselves, and it is difficult to separate this effect 
from the effects due to the flame alone. The following simple 
experiments will however serve to illustrate the electrical prop¬ 
erties of flames. 

Place an ordinary coal gas flame between two parallel metal 
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plalCvS so that there is a s])ace of half a centiineler or so on 
each side of the ilanie hetween it and the plates. C'har^;-e one 
of these plates to a hig’h positive fiotential and the other to a 
high negative potential by a set of aeeuiiuilators, ()hserve. that 
the outer part of the llanie where the most eonihiistion takes 
place is drawn towards the negative ])late while the inleriur 
or cooler part of the flame is attracted to the positive plate, 
showing that the hotter part is positively charged while the 
ccx)ler part is negatively electrified. 

In a Bunsen flame place the ends of two platinum wires 
and connect one of these Ihrotigh a sensitive D’Arsonv.al gal¬ 
vanometer to one pole of a storage battery of only a few 
volts and the other electrode to the other i)ole. Observe the 
current as measured by the galvanometer. 'Pest this current 
for various positions of the electrodes in tlu‘ flame and note 
that the magnitude and direction of the current depemls greatly 
upon the relative positions of the electrode.s. 

Place the platinum electrodes some distance apart in the 
flame and note the current. Drop a few crystals of any of 
the ordinary salts, which volatilize when heated, iiilo the flame 
between the electrodes and observe the sudden increase of cur¬ 
rent produced. The same cfTcct will he observed if a solution 
of any of the salts be introduced by spraying into the flame. 

Place a Bunsen flame at the end of a glass {>r brass lube 3 or 
4 cm. in diameter and 30 or /jo cm. long and allow the other 
end of the tube to open into a fairly large sized eleclro.scopc. 
By an aspirator attached to another opening in the. electroscope 
draw a slow current of air past the flame and into the electro¬ 
scope. Charge up the gold leaf of the electroscope and ob¬ 
serve that as the air current is pas.sitig the charge ([iiiekly dis¬ 
appears, showing that the air surrounding the (lame i.s con¬ 
ducting and it retains its conductivity for a lime after being 
removed from the neighborhood of the flame just as au ionized 
gas will do. 

This conductivity of flames is often made use of in dis¬ 
charging an electrified body. If for instance any tusulation 
has become charged up on the svtrface it will sonudimes take 
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a long time for the charge to leak away, and in the meantime 
it will cause troublesome electrostatic disturbances. To get 
rid of this charge on the surface it is sufficient to simply pass 
a Bunsen flame quickly over the surface a few times (see § 15), 
when the conductivity of the flame will allow the charge to be 
conducted away through the flame. A flame furnishes a 
convenient conductor in this case, as good contact can be 
made over the whole surface of the insulation so as to com¬ 
pletely get rid of the charge. 

As pointed out previously (§15) the presence of flames in 
the neighborhood of insulated conductors is to be carefully 
avoided or otherwise the conductors will lose their charge 
through the conductivity imparted to the air by the flames. 










CllAPTICR VI 1 . 

IONS AS NUCl.Nl. 


76. General Phenomena.* lun- sonu' years liefore llu' loni/.a- 
tion theory of gases was i)n)p(nmck'(l it was known that if dust 
particles were present in a damp gas the water vjipnr would 
condense around these dust partieh's as nuelei wlu'u a sudden 
expansion of the gas took place. It had also keen observed 
that if a highly charged electnule, such as the terminal of an 
influence machine or induction coil, were placed lU'ar a trans¬ 
parent steam jet a marked change in the jet occurred during 
the escape of electricity from the electrode. 'The sletiiu con¬ 
densed into fine drops, as could he shown by the increased 
opacity of the jet if its shadow were cast on a screen. 

After the cli.scovcry of Rt'intgen rays it was shown that if a 
beam of the rays were allowed to fall upon the steam jet con¬ 
densation took place. Since it had been proved that dust 
particles acted as nuclei of condeusatit)n some maiulaiued that 
the condensation of the steam jet in the cases of tlu' charged 
electrode and Rcinlgen rays was also due to dtisi while others 
explained the effect on the steam jet as due to the presence 
of ions. In 1897 and later ( 1 . T. R. Wilson proved by a 
series of valuable experiments that ions do act as nuclei on 
which water vapor will condense when moist air is suddenly 
cooled by expansion. 

77. Expansion Apparatus.* d'he later niul improved form 
of apparatus designed and used by Wilson i.s .shown in h'ig. 
49. A is the vessel in which the expansion takes place. It 
consists of a heavy glass cylinder ab about R) or iH cm. in 
diameter and about 8 cm. in height. The ends of the eyliiider 
are ground flat so that the brass plate.s cd and r/ fit tightly 
against the ends. Between these, plates and the emls of the 
cylinder thin rubber washers should he placed aiul the two 
plates drawn tightly together against the emls by six or eight 
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brass rods rr acting as bolts with nuts. If this does not make 
the vessel air-tight the joints may be waxed. From the middle 
of the lower plate ef a brass tube T, about 7 cm. in diameter 
and 25 cm. long, leads. The lower end of this is closed by a 
large rubber stopper .S'. This tube also contains a closely fitting 
piston P which consists of a light brass tube with a hemi- 



Fig. 49. 

spherical top. This piston should be made to slide easily inside 
the tube. Through the stopper k 9 another glass or brass tube 
leads into an air-tight chamber B and from this leads another 
tube Ta to a large glass receiver R, which is connected to an 
air-pump. For this purpose a large glass bottle with two out¬ 
lets may be used. The opening .of the tube is closed by a 
rubber stopper .S'! attached to the end of a rod which passes 
out through a closely fitting tube in the bottom of the chamber 
B. A piece of rubber tubing t should fit tightly over the end 
of the tube and the rod so that the rod may be moved 
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through the tube withonl allowing air to enter Ji. 'I'he stt)])per 
Si and attached rod arc held lightly against the end of the 
tube To by a still s])iral spring, b'roin the npi)er chamber /I 
another small glass tube leads to a manometer M by which 
the pressure in may be measiiretl when the lap h is open. 
J?i and Ah are two mercury reservoirs connected by a rubber 
tube l)y which the pressure in .1 may be regulalctl. 'I'lu' tap /;, 
closc.s the tube, d'hc shaded part in the tube 7 ' is filled with 
water which serves to keep the air in . 1 saluratcil as well a.s to 
make a flexible air-tight joint between the piston /’ and the 
tube 7 \ 

Now suppose that the month of the tube 7 h is closed by 

and R is partially exhausted by the air-pump. Sutipo.se. the 
air in both A and B is at atmospheric pre.ssure. 1 f /p he closed 
and h opened and A'g be lowered slightly, then the pre.ssure in A 
will be slightly relieved and the piston P will rise a little until 
the pressure in A and B balance, 'fhen if A, be suddenly with¬ 
drawn from the cud of T.^ the air in B will suddenly ru.sh into 
R and thereby lower the pressure in B to a point considerably 
less than that in //, and the piston will he suddenly forced 
down against S. This results therefore in a sudden expansion 
of the air in A. The more rapidly this exiiansion takes place 
the better, and therefore the rod r, .should be attached to a 
trigger arrangement witli a strong siiriug so as to obtain a very 
sudden release and consec[uenlly a very .sudden opening of 7 '.^, 

78. Production of Clouds.— Close the valve A, and the tail 
hi, open the taps and h and by adju.sling /v‘., rai.se tlie piston 
P only a short distance in the tube 7 \ .so that only a small 
expansion will take place when P is forced down, (lose the 
tap h] partially exhaust the reservoir R and suddenly open A,. 
Observe the dense cloud formed in A. To observe this to the 
best advantage render the drops visible liy brightly illuminat ¬ 
ing the space in /f by a strong beam of light from an are 
lamp, concentrated by means of a gla.ss convex lens. This 
lens not only serves to concentrate the light, but also cuts out 
any ultra-violet light which would be apt to alTect the result.s. 
Observe the cloud gradually fall. When the dn.ps have 
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disappeared repeat the experiment, expanding the air in A 
again. Repeat this several times and observe that a cloud is 
formed each time, but that it gradually becomes less dense 
until, after a number of expansions, practically no cloud is 
formed. These clouds are due to the dust particles in the air 
around which the water vapor condenses and the dust is carried 
down with the drops and therefore after several expansions 
the air is finally freed from dust. After the air is thus prac¬ 
tically freed from nuclei no cloud is formed if the amount of 
expansion is below a certain limit. 

Even in air freed from dust particles clouds may be formed 
by expansion under certain conditions. The formation of a 
cloud in dust-free air depends upon the extent of the expamsion. 
Wilson has shown that if is the volume of the air in A 
before expansion and’y^ volume after expansion then if 
is less than r.25 no condensation occurs in dust-free air; 
if yaAi is between 1.25 and 1.38 a few drops may be observed 
but as soon as becomes greater than 1.38 a dense cloud is 
formed on expansion even if no dust be present. Test these 
facts carefully by expansion. The amount of expansion de¬ 
pends upon the height to which P is raised, and since the vol¬ 
ume is inversely proportional to the pressure the ratio of the 
volumes before and after expansion may be determined by ob¬ 
serving the pressure as indicated by the manometer M before 
and after expansion. 

Completely free the space A from dust by repeated expan¬ 
sions. Then adjust by trial the height of the piston P so that 
the ratio of will he less than 1.25 and observe on expan¬ 
sion whether any cloud is formed, lly careful adjustment 
gradually increase this ratio and observe the result as re¬ 
gards condensation. By a series of trials verify the results 
slated above. 

79. Ions as Nuclei.— -If tlie gas in A be acted upon by an 
ionising agent, such as Rcintgen rays a change occurs. Pass a 
horizontal beam of Rdiitgen rays through the air in // and 
repeat the experiments of the last paragraph, and observe that 
fur values of the ratio below 1.25' no cloud is formed as 
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before. But between the values 1.25 anti 1.38 a dense cloud 
is formed when the rays are aeling wliert* only a few drops 
were observed before when no rays wert' aetiu^A This indi¬ 
cates that the ions act as nuelei on wdiieh tlu‘ water vapor 
condenses. 

That the formation ttf the cloud in this instance is due to the 
])rescncc of the ions and not to some other possible action of 
the rays may be easily proved by the following experiment: 
Place in the chamber A two insulated parallel plates p and 
as indicated in the diaf^rani, about 5 cm. apart. Establish a 
potential of about 400 volts between these plates. This electric 
field should remove the ions as soon as formed. With this 
large potential between the plates pass the rays through as 
before and observe that wdlb the expansion that would pro¬ 
duce a cloud with no field on there is practically no more 
condensation than when no rays acted at all. Note that as 
soon as the plates are disconnected from the battery the same 
expansion will produce a dense cloud. 'Phis shows that the 
dense cloud which is foriuetl by the rays wheu there Ls no 
field on is due to the presence of the charged ions, for when 
they arc removed by the eleeh’ie field the cloud is not formed. 

It can easily he shown also that these drops of water formed 
by the action of Riintgen rays are charged, for if an electric 
field be applied to tlicm after they are formed they will move 
under the inlluence of the field. Alhtw the rtiys it) iotuT.e the 
air between the plates in // as liefore hut witluiut any electric 
field on and produce a cloud by a suitahlc expansion. A.s roou 
as the sudden coramotum in the air caused hy the expansion 
subsides apply a strung eleclrie field between tlie plates and, if 
the field is strong euougli, it may he observed that .some of tlie 
ions move towards the upper plate, while the others move more 
quickly downwards than they would do simidy under the action 
of gravity. If the field he reversed tlie direction of motion 
will be reversed. Tliis action of the electric field on the drops 
shows that they carry a charge and that there are eliarges of 
both signs present, showing that both the positive and negative 
ions act as nuclei. A cloud which is formed without the 
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action of an ionizing agent will not be affected by an electric 
deld. 

Wilson has also shown by means of a special form of 
expansion chamber that water vapor condenses more easily 
around the negative ions than on the positive. When vjv.^ 
exceeds the value 1.25 and reaches the value 1.28 a large 
amount of condensation takes place around the negative ions, 
but very little condensation takes place on the positive ions 
until a value of 1.31 is reached. This is a confirmation of 
the theory that the cause of the greater diminution of the 
velocity and rate of diffusion of the negative ion in moist gases 
is due to the negative ion becoming more easily loaded with 
moisture than the positive ion. 

80. Ions from Other Sources as Nuclei.—^Remove the plates 
p and />! from the expansion chamber A and replace the plate 
cd by a similar one which has an opening in it covered with 
a quartz window to admit ultra-violet light. Inside of A place 
a-polished zinc plate some distance below the window. Allow 
ultra-violet light to pass through the window and fall on the 
plate and repeat the experiments described in the first part of 
§ 79, using the ultra-violet light in place of the Rontgen rays 
and observe the formation of the cloud, which indicates that 
the ions produced by ultra-violet light will act as nuclei in a 
manner similar to those produced by Rontgen rays. 

Again remove the plate cd with the quartz window and re¬ 
place it by another similar one from which a thin platinum 
spiral is suspended, with the two ends of the wire passing out 
through small insulating plugs so that the wire may be con¬ 
nected to a battery by which it may be raised to incandescence. 
TTeat this platinum wire in the usual way by a storage battery 
and rcqjeat the experiments described in the first part of § 79, 
using the charged nuclei produced by the hot wire in the place 
of the ions produced by Rontgen rays. Note the values of 
necessary to produce the cloud when the wire is at 
different temperatures. Since at the lower temperatures posi¬ 
tive ions are given off by the wire while at the higher tempera¬ 
tures negative ions are emitted, a difference between the expan- 
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sions ncccSvSary to prodiuv coiidfiisalioii around the positive 
and the negative ions may he noted here, as at (he difTereiit 
temperatures one kind predominates over die other. Carefully 
observe this dilTerenee. 

8i. Charge Carried by an Ion. 'I'liis property {)f ions to 
act as condensation mielei has heen utilized it) determine the 
absolute value of the charge carried l)y an ion. 'I’he nu'lhod 
is not a very simple one ami hml better he left by the student 
until further work has been done and nuu'e experience gained 
in this subject. The general principle will however he de¬ 
scribed here. 

When an expansion lakes place' in ionized air water drops 
form around the ions and fall under the action of gravity. Sir 
George Stokes has shown that if a drop of water of ratlins r 
falls through a gas of vi.scosity /<, tlu'u the velocity v with which 
the drop falls is given by the etinalion 


2 

y M 

where g is the. acceleration of gravity, d'he velocity r can he 
measured by oh.serving the rate at which the cloud falls under 
the action of gravity, and since g. is known for air and // is 
also known, therefore r may he determined. If m is the mass 
of water deposited and n (lie mimher of drops jH-r c.c., (lien 
m~n X since (he density of water is tmitv. l'’roin 

well-known thermal considerations the amount of water vapor 
deposited from a ga.s when a known expansion oeetirs can he 
easily calculated, and therefore m may he determineil. Know¬ 
ing m and r the number of drops n. which is the same as the 
number of ions, is easily calculated. 

Let two parallel plates be placed r/ cm. apart in llu* expan¬ 
sion chamber A (Fig. 49), anti let a potential dilTerenee F. 
small compared with that necessary tt» prt)dtu*e saturation, be 
applied to them. Then if the sum of tlie velocities of the 
positive and negative ion.s per unit potential dilTerenee be u and 
the charge on each ion he e the current i per stpiare cenli- 
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meter of cross section of the plates is given by 

nn Vc 


since n is the nnmher of ions per c.c. and the current is pro¬ 
portional to the total charge nc and the velocity uV and in¬ 
versely proportional to d. The value of n has been determined 
from the expansion, and u is known for any value of d (§ 66). 
The value of i can be measured in the usual way by the elec¬ 
trometer and d and V can be measured. Therefore e may be 
calculated. 

By. the latest determinations of J. J. Thomson he has shown 
that 

(?~3.4 X 10 ”^° electrostatic units. 

ITc has also shown that the charge carried by the ion in 
hydrogen or oxygen has the same value and that it does not 
depend upon the source by which the ions arc produced. These 
results seem to indicate that the charge carried by a gaseous 
ion is the same under all circumstances, and it appears that it 
might he taken as an invariable and fundamental unit of 
electricity. 
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RADIO-ACTIVITY. 


CITAPTER VIIL 

INTRODUCTORY EXPERIMENTS ON RADIO-ACTIVE 
SUBSTANCES. 

82. Discovery of Radio-activity.—The discovery of Ront- 
gen rays and Ihcir close connection with phosphorescence led 
physicists to enquire whether any natural substances, espe¬ 
cially those which exhibit phosphorescence, were capable of 
producing radiations of a similar nature. Several substances 
were examined by different experimenters, but the first dis¬ 
covery of importance in this regard was made by M. Henri 
Bccqucrel in t8 ()6, who found that the double sulphate of 
uranium and potassium emitted a radiation which produced an 
effect upon a photographic plate enclosed in black paper similar 
to the effect produced by Rdntgen rays. He later examined 
other comi)ounds of uranium as well as the element itself and 
found tliat they all possessed this power. The extent of the 
action on the plate doc.s not depend upon the particular com¬ 
bination in which the uranium occurs, but entirely upon the 
amount of uranium present in the compound, which indicates 
that the radiations result from tlie uranium itself and not 
from the fact of its association with oilier .substances. 

Although the connection between Rdntgen rays and phos¬ 
phorescence pointed the way to the discovery of these radia¬ 
tions from uranium, and notwithstanding that they were first 
attributed to phosphorescence, it has since been shown that 
there is no connection between tlicse rays emitted by uranium 
and its phosphorescence, for some compounds which are not 
phosphorescent emit the rays. 
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83. Warning.--lU'fnro priicctHliiig l<i ust* llu' varimis radio¬ 
active sii1)slancefi with wliicli we will have to ilo a timely cau¬ 
tion must he given so as (o prevent serious diHicidly later. Tn 
handling these radio-active substances the (jrt'uttwl cart' must 
he taken not to spill the slidhlcsl tract' of them, for if they 
become scattered round the laboratory, even to the slightest 
extent, the room will become so contaminateil that after a time 
the air of the room will he so radio active that no line measure¬ 
ments or accurate work of this nature can he done in it. 

Tn the cases of radium, thorium or actinium great precau¬ 
tions must be taken to always keep tlu'se substances tightly 
enclosed in an air-tight receptacle even while working with 
them, for as we shall .see later they give otT a railio*active gas 
which will cause the walls and other bodies in tlu' room to 
become radio-active. 'This radio-activity cannot he got rid of 
for years. This latter precaution neeil not he taken in the 
case of uranium and its comjioitnds. 

84. Photographic Action of Rays from Uranium. Wrap a 
photographic plate in ordinary hlaek iiaper. Spread a few 
grams of uranium oxide fin a thin sheet of paper in a layer 
covering an area of 6 or 8 cm. square. 1 .ay two or three 
opaque articles, such as small pieces of metal, on the hlaek 
paper covering the plate on the dim sitle of the plate, and on 
top of these piece.s of metal place the sheet of paper containing 
the uranium oxide. I.ay this away in a perfectly dark nMun 
for about twenty-four or thirty-six hours, d'hen develop the 
photographic plate iu the ordinary way, and observe that the 
plate is darkened except where the opaque bodies east a 
shadow. The uranium thus give.s off a radiation which nlTecls 
the plate but differ.s fmm light in the fact that it peiielrales 
the black paper, although it will not penetrate the metals. 'Fhe 
action is however very weak, as it takes .several hours to pro¬ 
duce any impression. If the uranium oxide and plate had been 
left for only an hour or two practically no efTeet would have 
been observed on account of the weak action of the rays. The 
same experiment may be repeated using other compounds of 
uranium, such as the sulphate, etc. 
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85. Power of Uranium Rays to Discharge an Electrified 
Body. —Using an electroscope of the form shown in Fig. 14 
cut a hole about 5 cm. square in the base plate and cover this 
opening by a very thin sheet of tissue paper simply to prevent 
air currents inside the electroscope. Cut two sheets of brass 
or zinc 15 cm. square and 2 or 3 mm. thick. In one of these 
cut a central sc[uare hole about 5 cm. square. To the other 
plate solder or rivet two .short upright pins, and in the plate 
from which the hole is cut bore two holes corre.sponding ex¬ 
actly in iiosition with the pins in the other, so that the two 
plates may be fitted together always in a definite relative posi¬ 
tion. I'hese, when placed together, will form a shallow recep¬ 
tacle of definite area which may be used to hold the uranium 
compound. 

Idace a few grams of uranium oxide in a uniform layer in 
this receptacle and i)lace it immediately below the opening in 
the electroscope. ke])eat in detail the experiments described 
in §46, using the radiations from uranium in ])lacc of the 
Rchitgcn rays. Note that the effects ])roduced arc practically 
identical with those i)roduced by Rdntgen rays. The radia¬ 
tions from the uranium are however of a much weaker nature 
than Riinlgen rays. 

Using the a])paratus represented in Fig. 28 .substitute for the 
Rdntgen rays a few grams of uranium oxide contained in a 
small shallow trough, which may be ])laced either in the bottom 
of the tube .-IB or just below an opening cut in the bottom of 
/IB. It is advisable to cover .the trough with a .sheet of thin 
tissue i)a])er as a ]n'ecantion in case the air current through 
the .system should accidentally become strong enough to blow 
the oxide out of the trough. 

Rc])eat in detail the experiments de.scribed in § 47, using the 
uranium radiations in place of the Rdntgen rays. In cases 
corresjunuling to the stoppage of the Rdntgen rays the uranium 
will of course have to be removed from /IB. Observe that 
the elTects produced by the uranium radiations are similar to 
those ])roduced by Rcintgen rays. 

These experiments indicate clearly that uranium oxide emits 

10 






130 


I NTK( )1 )I IC'IH )UV !■:X IT'.U1 W !■:N'I'S 


some sort of a radiation which produces conductivity in a ^as 
similar to that produced hy Kdnlj^en rays. 'I'his conductivity 
of the gas persists ft)r a time afler removal from the direct 
action of tlic rays and may be traiismiltetl fruin one point to 
another along with the air. It may also be removed by mechan¬ 
ical or electrical means in the same way as that produced 
by Rontgen rays. 

86. Ionization, Current Produced hy Uranium. ,1 [^paraliis. 
-—Arrange a system as shown in b'ig. 50. .IH is a rc'ctangular 
box made of metal (z.ine al)oul t mm. thiek is suilalde) and 
should 1 )C about 25 cm. each way. (‘ is a metal ]>lale ahoiil 
16 cm. square resting tin insulating pillars, and is eoimeeted to 



one pole of a battery of small aeeunnihvlors as slmwn. P is 
a similar metal plate parallel to (.' and suspended by four 
ebonite rods from the top of the l)ux. It is eonneeled by a 
wire, passing out through an elamite plug, to an electromeler 
in the usual manner. The lop of the box ntay be liltetl so that 
it can be lifted off and the whole of the itpper part of the 
system removed if desired. One side of the ho.x slionld be 
fitted with a door about 20 cm. square, which ought to fit 
closely when closed. 
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Current-voltage Curve .—Adjust the distance between the 
plates C and D to about a couple of centimeters by adjusting the 
height of C. On C place centrally the double plate receptacle, 
described in the last paragraph, containing a layer of the ura¬ 
nium oxide. On insulating the electrometer quadrants it will 
be observed that they immediately begin to charge up, indicat¬ 
ing the presence of an ionization current between the plates. 
Measure this ionization current in the usual way for different 
voltages applied to C. Plot the current-voltage curve and 
observe that it is of the same Form as shown in Fig, 32. 

Current and Disiaiice Between the Plates .—Determine the 
current-voltage curve for different distances of the plates 
apart varying from about 0.5 cm. to 5 cm. Note that they 
all follow the same general form, but that the saturation cur¬ 
rent increases as the distance between the plates increases, 
riot a curve showing the relation between the saturation cur¬ 
rent and the distance between the plates. Note that the curve 
is not a straight line. 

Current and Thickness of Layer of Material .—Place the 
plates a given distance apart, say about 2 cm., and place a 
sheet of note paper in the bottom of the receptacle for hold¬ 
ing the oxide, and dust, by means of a fine wire gauze, a uni¬ 
form and very thin layer of uranium oxide on the sheet of 
paper and measure the saturation current. Then increase the 
thickness of the layer a little by dusting some more oxide on 
the paper and measure the saturation current again. Repeat 
this a number of times, increasing the layer a little in thick¬ 
ness each lime. Weigh the sheet of paper before starting the 
experiments and then weigh it and the contained oxide each 
time. Observe that the saturation current increases with the 
increase in the amount of oxide used. At first with thin layers 
the current is jiractically proportional to the quantity of oxide, 
but after the layer becomes thicker the current docs not in¬ 
crease so rapidly with increase in thickness. Plot a curve 
showing the relation between the current and the quantity of 
oxide used. 

Citrrcnt from Different Compounds. — If different com- 
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poiincls of iiraniniii, such as (he oxiilc, sulphate, chloride, etc., 
arc availahle measure the salnralion currents produced hy 
apial ((uantities of these coinixmnds under similar couditiom 
and coiu])are them. If it is convenient samples of these dilTor- 
ent compounds may he analyzed and the (piaiitity of uranium 
present in each determined. If this is dune it will he found 
that the current ])roduced for a j^iven wrij^ht of comjxnmd 
depends not upon the nature of the compound hut upon the 
quantity of uranium i)resen( in it. 

Current and Time. Select a ^iven specimen of any of the 
radium compounds, say uranium oxide, and test thi' satura¬ 
tion current ])r(nluceil hy it between (ho plates at a p;’iveu dis¬ 
tance ai)art and repeat (his test untler exactly the same 
conditions each day for several days. It will he found that 
if all the conditions are kept constant the cui'rc'nt will not 
chang;e, showing' that the radiations do not change with time. 
This will he found to he still true, even if tlu' test is extended 
over many months. 

Current in Different Cases. - .Make another ionization 
chamber on the same principle as the tme .shown in h'ig. 50, 
hut instead of the enclosing vessel being a ri-ctangnlar box 
make it of a brass cylinder about 15 cm. in di.’uueter and the 
.same height. 'Phe two emis may he Pitted and (hen all the 
joints made ga.s-tight with wax. 'Plu‘ uranium oxide may 
be placed on the plate f fnitu the top and then the top plate 
which supjKirt.s D put in place and waxed. 'Pile pl.ates C and 
D should be about 3 or 4 cm. apart. Such a vessel may he 
filled with any gas and the current in it measured, h'ill (his 
vessel with any gases which may he availahle in turn, and 
measure the .saturation current in each gas at atmospheric 
prc.ssure and compare (hem. As in the case of ktintgen rays 
it will be found that the current depends very much upon the 
nature of the gas. 

Conclusions.—-T \\q results of these experiments ah mg with 
others which might be performed on uranium ami its com¬ 
pounds show that the uranium emits sponlaneou.sly a radia¬ 
tion without the aid of any outside agency which ionizes a gas 
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in a manner similar to other ionizing agents already studied. 
This radiation belongs to the uranium itself and not to the sub¬ 
stances with which it is associated. It depends upon the 
amount of uranium present in the compound and it does not 
deteriorate with time. Uranium and other bodies, which we 
shall sec later possess similar projierties, are called radio¬ 
active bodies and this form of radiation is called radio-activity. 
This term in its strict application is applied only to such bodies 
as arc naturally and permanently radio-active, that is, which 
spontaneously emit such radiations, and not to such substances 
as may acephre this iiroperty tcmi)orarily by the action upon 
them of some outside agency. 

87. Other Radio-active Substances. Thorium .—The dis¬ 
covery of the radio-activity of uranium naturally led to the 
examination of other suhstances to ascertain if any of them 
possessed similar properties. The clement thorium and its 
compounds were found to possess radio-active properties, the 
])hotographic action being however weaker than that of ura¬ 
nium, while the ionizing ])owcr was about ccpial to that of 
uranium. 

Mme. Curie then undert(X)k a very systematic examination 
of a large number of mineral compounds containing uranium 
and thorium. Using the electrical method of examination she 
measured the current produced between two parallel plates by 
a given amount of each of the minerals. The re.sults showed 
that all these minerals containing thorium or uranium were 
radio-active, but the most imi)ortant jKiint observed was that 
several S])ecimens of ])itch-l)lende (uraninite), as well as other 
minerals, were several times more active than uranium itself. 
Now if uranium be mixed with an inactive substance the ac¬ 
tivity will be less than that of the uranium alone, owing to the 
fact that some of Die rays are absorbed by the material with 
which the uranium is mixed. It was at first thought that this 
abnormal activity of some of the minerals might be due to the 
particular chemical combination in which the uranium existed, 
but this was disproved by ])rc])aring one of these compounds 
artificially, when it was found to possess only the normal 
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amount of activity which would he expected from the amount 
of uranium it contained. This led to the conclusion that there 
must be some other and more active substance in pitchblende. 
M. and Mme. Curie investigated this cpiestion chemically and 
found two new active bodies. 

Polonium .—The first of these substances to lie .separated by 
purely chemical means is much more active than uranium and 
differs from it in the essential particular that its activity is not 
constant but gradually dies away with time. It also ditlers 
from the other radio-active substances in the nature of the 
radiations given out, which will lie discussed later. To this 
sub.stancc the name polonium was given. 

Radium .—The other active sulistance discovered in pitch¬ 
blende is enormously more active than uranium. In its pure 
state it is about a million times more active and con.seciucntly 
was given the name radium 1)y the discoverers. Radium is 
probably the most remarkable and interesting of all the radio¬ 
active substances, and by the study of its properties an enor¬ 
mous amount of information has been obtained In regard to 
the most remarkable processes going on in nature in connec¬ 
tion with these radio-active bodies. 

The quantity of radium existing in pitchblende is almost 
infinitesimal, about a ton of pitchblende containing only a few 
milligrams of radium. The chemical properties of radium arc 
similar to those of barium and it is separated from the mineral 
pitchblende by the same process as is used in the separation 
of barium. 

Radium is found in varying quantities in a number of min¬ 
erals and in various parts of the world, but the chief source 
at present known is in the pitchblende found in Bohemia. 

In practice radium is not separated from the compound, but 
is usually made use of in the form of radium bromide, and 
what is often called pure radium is usually pure radium bro¬ 
mide. It also forms other compounds .such as the chloride, 
sulphate, etc. 

The method by which radium and polonium were discovered 
marks a great advance in the methods of analy.si.s and of de- 
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tccting the presence of new bodies, for it was purely by their 
radio-active properties that these substances were discovered. 
They were entirely unknown before, and being in such minute 
quantities they might have continued to escape detection for a 
very long time, Init their intense radio-active properties indi¬ 
cated* their presence and then it was possible to attack them 
by chemical methods and separate them. This is very analo¬ 
gous to the methods used in spectimra analysis. 

Actininm .—Not long after the discovery of radium another 
substance was found in some of the residues from pitchblende 
to which the name actinium was given. The properties of 
actinium are very simih'ir to those of thorium, but the former 
is very much more active than the latter. 

88. Current Produced by Other Radio-active Substances.— 
Obtain small ([uantities of thorium, actinium and radium com- 
])ounds. Radium is obtainable only in very small quantities 
and is very expensive, but the other sul)stanccs can be obtained 
in somewhat larger cpiantities. In a thick lead or brass plate 
cut a groove about 2 mm. deep by 5 mm. wide and 20 mm. long. 
Jn this place the s])eciinen of radium. Over this, and flat on 
the ]ilate, place a thin sheet of mica as thin as is obtainable and 
carefully wax the edges down so as to be gas-tight. This 
precaution must he taken to prevent the escape of the gaseous 
emanation (see C,lha])ter XITT), which is continually being 
given off by the radium. .Place this plate in the place of C 
(I'flg. 50), and with a distauce of about 2 cm. between the 
plates measure the ionization current produced. Determine 
the current-voltage curve for the specimen. 

Make similar receptacles ff)r holding the thorium and the 
actinium conii)ounds, but these may be made larger as 
these substances may be obtained in larger quantities. These 
should be carefully sealed uj) also to prevent escape of gaseous 
cmauaticnis. Measure the current produced by these speci¬ 
mens also and delennine the current-voltage curve in each case. 

Compare the saturation currents produced by cciual weights 
of these different .s])ecimcns with that produced by the same 
weight of uranium. Measure the activity of any other samples 
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obtainable such as pitchblende, etc., and compare them all 
with a given ecpial weight oF uranium. 

89. Steady Deflection Method of Measuring Ionization 
Currents.—With this amount of data in regard to radio¬ 
activity at our disposal another and very useful nu'lhod of 
measuring ionization currents may he introduced with advan- 
tage at this stage, ddie ordinary inetlaHl of measuring ioniza¬ 
tion currents by the rate of movement of the electrometer 
needle, which we have used up to the present, depends upon 
certain conditions being fnlfdled and in some cases possesses 
certain disadvantages. In order tliat tin- rate of movement 
of the needle may ho proportional to the ionization current the 
capacity of the .system must remain constant. IF the current 
increases to a great extent the rate of movement becomes too 
rapid to he measured with accuracy and the capacity has to he 
increased to diminish this rapi«l rale of movement to a readable 
amount. This involves a compari.sou of capacities which is 
generally a troublesome task. .Again the rale (d’ movement 
method rcciuires considerable time to make tlu* observations, 
and therefore in .some measurements when rapid changes are 
taking place it is ])ractically useless. .A steady delh'ction 
method ha.s been develo]H'd by Itron.son which overcomes these 
difficulties and has ])roved very .s.atisfactory in practice. 

Theory of Method.— ]^ the air between two plates . / and li 
(Fig. 50 (a)), connected respectively to a battery and an 
electrometer in the usual manner, be ionized by a radi«) active 
body placed on A the electrometer will continue to charge up 
and the deflection of the needle increase in [)n)porlioii to the 
voltage to which the ciuadranls become chargi'd. If the pair 
of quadrants connected to Ji be coimecled tf) earth through 
a very large resi.stance R, then .some of the charge received by 
the quadrants will leak to earth through this resistance. 'I'he 
quadrants will therefore continue to charge* up and the de¬ 
flection of the needle increase until the rale of supply cjf elec- 
tricity to the quadrants is ecjual to the loss through the re.sist- 
ance, that is, the current through the resistance R is e(|ual to 
the ionization current between the plates A and /h When this 
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stage is reached the deflection of the needle will remain con¬ 
stant since the potential of the quadrants remains steady. If 
the high resistance R obeys Ohm’s law the current through R 
will he proportional to the ])otential of the quadrants, and 
therefore to the dellection of the needle since the deflection 
is ])roportional to the potential. Therefore since the current 
through R and the ionization current arc equal this deflection 
will he proportional to the ionization current. 

Since the ionization currents arc usually so extremely small 
and the current tlirough R is tlic same as the ionization cur¬ 
rent the resistance R, as will he seen from the following 
sini])le calculation, will have to lie very large. Take as an 
example the ty])ical case cited in § 20. The current to be 
measured is (}.2 X 10 anqx'rc. Suppose that a steady de¬ 
llection of TOO scale divisions is desired. This corresponds 
to a rise of potential of /, of a volt in this case and therefore 
the resistance R re(iuired will be ^ :-(9.2X which 

cfiuals a resistance of 180,000 megolims. Ordinary liciuid or 
carbon resi.stances of this order of magnitude arc not sativS- 
faclory for this pur])ose, as they are somewhat unreliable. 
What may be termed an air resistance has been found to be 
most suitable. This consists of two parallel plates C and D 
( b'ilf- {(0 ) in air, on the lower one of which there is placed a 
layer of radio-active material and the connection.s made as shown 
in the diagram, 'rhe charge received by the ])late B and the 
electrometer system of which C is a part leaks away to earth 
through the air between the plates C and D in consc(|ucnce of 
the conductivity of this ionized air and when the rate of loss 
is e(|ual to the rate of supply a steady deflection will result. 
Such an air resistance (dieys Ohm’s law over a considerable 
range for the potential ac(|uired by the plate C is small, being 
usually only a fraction of a volt and therefore below the satu¬ 
ration voltage. 'Phe current between C and D being thus below 
saturation will correspond to the steep part of the current 
voltage curve (lug. 32), in which the current is proportional 
to the potential. 'Pile steady deflecticm being proportional to 
the potential will therefore he proportional to the current. 
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Ca/x7;ra^ion.-"Tliis carefully tested 

and the range on the scale (leterniined (tver which it holds Irne 
for any partietdar setting of the scale. I his may he done by 
placing a constant source of ionization such as \iraninin oxide 
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on the plate. A (Fig. 5 ch 0 and applying small known vol¬ 
tages much below the saturation vadlage wlu're the current 
between AB is known to be proportional to the voltage and 
observing the steady deflection. The test can be carried 
further for greater deflection.s by testing several .snudl speci¬ 
mens of uranium oxide tni the plate . 1 , lirNl separately and 
then in groups, the sum of the currents for the separate s[)eci- 
mens being ecpial to the current for these speeiuums tested 
in groups. 

If a straight scale he used the reading tni the .seale will of 
course not be proportional to the angle of deileelion beyond an 
angle of a certain magnitude, hut the ju'oporlitmal reading tnay 
be extended over a greater range by fixing the scale on a .suit¬ 
able support, .so that instead of being exaetly perpendicular to 
the line joining its central point to the electrometer needle 
it may be turned at a .small angle to the perjieiidieular posi¬ 
tion, and it may even be bent to a slight curve to ajiproach the 
circular form. These adjustments have to be made by trial 
in each particular setting. 

Standard .—-The plates C and I) .should he made as nearly as 
possible identical, for on account of the contact di(Terence of 
potential between the plate.s due to any dilTerenre in their sur¬ 
face the needle will show a small .steady deflection even when 
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there is no radio-active matter between A and^^. This may be 
eliminated to a great extent by making the-surf,aces as nearly 
alike as possible as regards mrferial, etc. 7vx 

The radio-active material on the plate £) used by-.Bronson 
in his early investigations of this nletllod,was fadio-tehuriiim 
obtained as a coating on a bismuth plate prepared‘by the 
method of Marckwald. This plate was covered by ,a vei-y jthin 
sheet of aluminium foil and the plate C made of aluminium to 
eliminate the effect of any contact difference of potential: The 
plates C and D should be enclosed in a sealed vessel so as to 
keep them from any outside disturbing inlluenccs. Radium or 
other constant sources of radiation contained along with the 
plates in a sealed vessel may however be used. To be satis¬ 
factory they must remain perfectly constant. 

Advaniayes of Syslcm .—This system of measuring ioniza¬ 
tion currents has several advantages over the rate of move¬ 
ment method. One decided advantage is the rapidity with 
which measurements can l,)c made. The needle takes up its 
steady position rajiidly and one docs not have to wait on the 
long time of swing and the return to zero after each ob¬ 
servation, or even the time reepnred to pass over a given 
distance to determine the time rate. Any change in the 
current is rai)idly indicated by the needle taking up a new 
steady position. Readings have been taken under some cir¬ 
cumstances as (luickly as once every five seconds. This is 
of great advantage in measuring rapid changes of activity 
such as will be discussed later. The readings may also be 
taken over a large range of currents without altering the 
sensitiveness of the electrometer and without any alteration of 
capacity of the system, for in this method the deflection is 
independent of the capacity. The potential of the electrometer 
system in this method is not continually increasing at a time 
rate due to a constant supply of electricity as in the rate 
method, but the electrometer system constitutes one point in 
what is practically a continuous closed circuit and when the 
rate of supply is ccpial to the loss the potential of this point is 
constant and independent of the capacity. The needle there- 
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fore takes up a steady i)osili()n due to the steady difTercncc of 
potential between the (piadranls. C,'oiisc([ueiilly comparative 
measurements of current by this method do not recpure any 
determination of capacities, even though the capacities may 
be changed. 
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COMPLEXITY OF RADIATIONS. 

90. Absorption of Rays from Uranium by Solid Bodies.— 

Tn the ionization chamber (Fig. 50) place the plates B and C 
ahoiit 2 cm. apart and on C place in the usual way a thin layer, 
of not more than 0.5 mm., of uranium oxide. Measure the 
saturation current hy the electrometer. Then place a thin sheet 
of aluminium foil, not more than .0005 cm. in thickness, over 
the oxide and measure the saturation current again. Over 
this place a second sheet of foil of the same thickness and 
again measure the current. Repeat this, adding a sheet at a 
time until ten or a dozen sheets have been added. Observe 
that for the first four or five .sheets (the number will depend 
iti)on the thickness’'' of the foil used) the .saturation current, 
which is a measure of the intensity of the radiation, falls off 
rapidly in a geometrical progression with the increase in the 
num1)cr of sheets, that is, according to an ordinary absorption 
law for any sort of radiation in general. When-about four 
or five sheets have been added the intensity will have been 
reduced to probably a1)out one twentieth of the original value, 
while the addition of the others produces a very slight effect, 
if any, in reducing the intensity of the radiations. After about 
four or five it reciuires a comparatively large number of sheets 
to produce much effect in this regard. Tt will l)e found that 
it will rcciuire probably from scventy-fi,ve to one hundred thick¬ 
nesses of foil to reduce the intensity of the remaining radia¬ 
tion to half its value. These numbers that are given are of 
course only a]>proximate to serve as a guide and will depend 
upon the exact thickness of foil, etc. 

These results indicate that the radiations given off by 

*Tlie thickiio.s.s may l)t* determined very approximately by cutting 
exact squares of foil of known area and weighing a given number of 
them and, knowing the density, the lhickne.s.s may be determined. 
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uranium must be complex, cousistinp^ of at least hvo types of 
rays, one of which is capable of passinj^^ throupfh only a small 
thickness of aluminium foil, while the other type is niticli more 
penetrating. The first type, or easily absorbable rays, have 
been given the name a rays, while the more pcmetraling type 
arc called ^ rays. The a rays are completely eut off by a 
thickness of about .002 cm. of aluminium and eonsetiueiUly 
after this thickness is placed over the uranium only the p rays 
get through. 

Using the same thin layer of uranium oxide cut off all the 
a rays by a sheet of aluminium about .cku cm. thick and then 
further test the absorption of the fS rays by adding increasing 
thicknesses of aluminium foil until the fj rays are completely 
cut off and note carefully the decrease of ioni/ation current 
with increase of thickness of absorbing material. Note that 
it requires a very much greater thickness of aluminium to com¬ 
pletely cut off the fi rays than it does to absorb the a rays. 

From these measurements it will be seen that by far the 
greater portion of the total ionixation produced by the radia¬ 
tions from uranium is produced by the a rays, for hehn-e any 
aluminium is introduced the ionixalion i.s produced t)y the 
joint action of the a and ray.s and we have seen that only 
about five thicknesses of aluminium foil completely cut off the 
a rays but have little effect on the fi rays, and when the a rays 
are completely absorbed and only the fi rays are acting the 
total ionization ivS reduced to a small fraction of the original 
when both a and jS rays were acting, d'his will he tliscussed 
a little more fully in the following chapter. 

Obtain a large quantity of uranium oxide, as inueb a.s 75 nr 
100 grams if possible. Make a receptacle for it in a metal 
block so that it may cover an area of about 20 or 25 stp 
cm. and deep enough to hold the quantity available. Measure 
the ionization current produced by the radiations from this in 
the manner described above. Test both the a and the ^ radia¬ 
tion. Add sheets of tinfoil until both the a and fi rays are 
completely cut off and the edectrometer will then show prac¬ 
tically no ionization unless it is extremely sensitive. Now set 
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np a gold leaf electroscope of the type shown in Fig. 14. 
Measure its rate of leak due to the natural ionization of the 
air (see Chapter XVT). Place underneath the electroscope 
the specimen of uranium oxide covered with the tinfoil and 
observe that although the electrometer showed no ionization 
in the ionization cham1)cr the electroscope shows a considerable 
rate of leak, indicating that a radiation of some sort has pene¬ 
trated the tinfoil and is ionizing the air in the electroscope. 
The delicate electroscope detects this weak ionization, while 
the electrometer may not be. .sufficiently sensitive to do so. 
Measure this rate of leak and, subtracting the natural rate of 
leak of the electroscope, the rate of leak due to this radiation is 
olhained. Now add thin slieehs of lead, alunit 0.5 mm. thick, 
one .sheet at a time, and after adding each one measure the rate 
of leak, that is the ionization, and ol)serve that the radiation 
is gradually cut down in intensity by the addition of the lead, 
but that it rcfiuires a thickness of a centimeter or more of 
lead to completely cut off this radiation. 

These results indicate that in addition to the a and /? rays 
given off by the uranium there is an extremely penetrating 
radiation emitted which will pass through a considerable thick¬ 
ness of a very dense substance like lead and which produces 
ionization of a very weak character compared with that pro¬ 
duced by either the a or ^ rays. These very penetrating rays 
are called y rays, d'he radiation emitted by uranium is there¬ 
fore complex, consisting of three types of rays cliffcring very 
much from one another in penetrating power. 

91. Rays from Thorium and Radium.—Using specimens of 
thorium oxide and of radium bromide repeat the experiments 
of llic last section on the a and ^ rays. As in the case of 
uranium use a comparatively thin layer of each specimen. The 
ionization ehamher of lug. 50 will have to be modified slightly 
to suit these experiments as these .substances continuously give 
off gaseous emanations (C 1 ia])ter XIIT), which produce ioniza¬ 
tion Independent of that prodneecl by the ordinary rays emitted 
by the ihorinm or radinm. To avoid this complieatioii the 
emanation must be removed. To do this introduce an inlet 
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tube about 8 niiu. in diainekM* in the uppt'r part of the sicU- . /ilf, 
and two or tbrcc outlet tubes in the side /hV, distributed over 
the ])art opposite the space lietween the ])lates. C'tuinect these 
outlet tubes in parallel to a single tube leading to a water 
exhaust pump or other aspirator S(» as to draw a slow steady 
current of air through the vessel. As this einanalion is carried 
out through the water pump special prcranlion must l)e 
taken to prevent the escape of any of this emanation into the 
room. The discharge water and acconipanving air from the 
water pump should tlierefore he U‘d o(T hy a special lube to 
the air outside the building. If this precaution is neglected 
the room will become permanently contaminated by this emana¬ 
tion so that after a .short time the room and contents will 
become radio-active and no accurate work of diis kind can 
be carried on in it. 'The nature and action of the.se I'lnami” 
tions will be discussed more in detail in a later chaplm". 

The results of the experiments mentionetl at the beginning 
of this paragra])h wilt show that both thorhmi and radium 
compounds emit a and ^ rays of a simitar iialuri' to those 
emitted by uranium. 

Using a large (luantity, alniut 75 or uk) grams, of thorium 
oxide repeat the experiments of the last si'Ction on the y rays 
and note that thorium also gives olT the penetrating y rays. 
The same experiments .should be performed with radium bro¬ 
mide, but in this ca.se a large (luantity of radium is not neces¬ 
sary even if it were available, a.s these penetrating y rays may 
quite easily be detected by using’ only a comparatively small 
quantity of radium. 'Fins is due to the fact that radium is .so 
very much more strongly raclio-active, weight for weight, than 
cither uranium or thorium. If only a thin layer of the two 
latter substances be used only a very small amount of y rays 
are emitted and the ionijcation iirodiiccd is very wc.ak, as the 
y rays arc not strong ionizers. Hut if a large ([uantity be used 
in a thick layer, then, since the y rays are very penetrating, 
those from the lower portions of the thick layer are able to 
pass up through the material without being absorbed to any 
great extent, By tints increasing the thickness of the layer 
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the quantity of 7 rays is increased practically in proportion to 
the thickness of the layer up to a certain limit, and therefore 
the ionization is increased sufficiently to be detected. In the 
case of radium however it is so strongly radio-active that even 
a thin layer emits a sufficient quantity of y rays to be detected. 

92. Magnetic Deflection of (i Rays.—The discovery in the 
year 1899 that some of the radiation.s from radio-active bodies 
could be deviated by a magnetic field caused a considerable 
advance in the differentiation of these rays and the determina¬ 
tion of their true nature. It was lound that the /? rays emitted 
by the various radio-active substances were affected by a 
magnetic field in a manner similar to that in which cathode 
rays arc alTectcd by a corresponding field. This may be shown 
very conveniently in the following manner; Place a small 
quantity of radium bromide on a thick lead block A (Fig, 51), 
between two parallel thick lead plates BD, which should be 
about 4 cm. high and 2 cm. wide 
and about 0.5 cm. apart. Above 
tliese lead plates place two insu¬ 
lated metal plates the same 

distance apart as the lead plates 
and about 7 cm. high and 5 cm. 
wide. The rays from the radium 
ionize the gas between the plates 
and the presence of the rays be¬ 
tween these ])lates may be detected 
by measuring the iemization current 
between P and P'. Place this 
arrangement between the poles of a strong electro-magnet 
so that the magnet field may be ai)plied perpendicularly 
to the plane of the paper, that is, parallel to the plane of 
the plates BB. The dotted line in the diagram represents the 
outline of the pole-piecc.s of the magnet. A slow current of 
air should be drawn through the space between the plates BE 
to prevent the emanation from diffusing upward between the 
plates P and /". Measure the saturation current between P 
and P'. This will be almost wholly due to the a and rays a^s 
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the ionization due t<> (he y rays is so small for a thin layer 
•of material that it is nejiflij^ihle in comiiarison with that clue 
to the a and fi rays. I’hire a sheel of ahmiiiiiimi .01 em. ihiek 
over the layer of active material to cut olT all the a rays. 
Then measure the ionization current due to the /•? rays alone. 
With the aluminium sheet still coveriiijj;' tlu' radium apply a 
fairly stroiif^ ma^^netic field and measure tlu’ i<mization current. 
Oh.scrve that under tlu* innueuce of the maf^netic held it is 
reduced. Tncrea.se the streujJt'th of the mai^uetic field and attain 
measure the current between /’ and /*' ami note a further 
reduction of the current. If (he held is made suniciently 
strong it should he possible to reduev the current almost to 
zero if not entirely sti. 

1'hese experiments indicate* that tin* fi ra\s are tU*tli*eti*d hy 
the magnetic field, so that they strike the plates /?/^ before they 
escape from betwc*en tlu*m, and consecpiently do not n*ach the 
space between P and P'. A. weak magnetic lu*ld docs not 
deflect them .sufticiently, and therefore .some of the rays esca]K' 
beyond the plates JUi, hut (he stronger the fu*ld the fewer the 
number that escape. 

This deflection of the fi rays points to du* conclusion that 
the rays carry an electric charge. It is of importance* to de¬ 
termine whether this charge is positive or negative, 'fliis may 
be easily determined in the following manner-. I’lace a small 
quantity of radium bromide at llic bottom of a narrow groove 
between two thick lead plates PP, as .shown in h'ig. 52, and 
cover it with the aluminium foil to cut tdT the a rays. 'I'liis 
groove should be about 3 cm. deep, 1 mm. In width and r em. in 
length so as to obtain a narrow and sharply defined beam of 
rays. About 6 cm. above the groove place horizontally a small 
photographic plate C, film side downwards. 'Phis jdate .should 
not be more than 2 cm, square. Adjust (bis plate so that a 
definite marked point on it is vertically above the groove. 
Place the poles of an electromagnet to cover the doHetl area 
NN so that the field may be perpendicular to the jilane of the 
paper. This apparatus should either he placed in a per¬ 
fectly dark room or the photographic plate and groove covered 
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with an opacjnc metal tube to exclude all light to prevent the 
plate C becoming fogged. Before applying the magnetic field 
allow the beam of rays to act on the plate for about thirty 
minutes. Then apply a magnetic field of about 300 or 400 
units per square centimeter in a known 
direction and allow the rays to act 
again for about thirty minutes. Re¬ 
move the plate and develop it in the 
ordinary way, markiTig, before removal^ 
the exact position it occupied relatively 
to the rest of the a])paratus. When de¬ 
veloped there should be two dark bands 
on the plate, one of which is due to the 
action of the rays before deflection and 
the other due to the action after de¬ 
flection. The iioKiti(m of the latter with regard to the former 
will show the direction in which the rays were deflected. This 
direction .should be the same as the direction in which a stream 
of cathode rays would be deflected under the action of the same 
field. I'his shows that the charge carried by the rays must 
be a negative charge. 

93. Magnetic Deflection of a Rays.—One way in which the 
a rays were early distinguished from the p rays was that the 
latter were easily deviated by a magnetic field while the former 
were ai)parently unafTected by such a field. The true nature of 
the a rays was not known for sonic time after the nature of the 
(i rays had been determined. Tt was finally suggested as a 
result of .some indirect experimental evidence that the a rays 
were positively charged jiartiele.s emitted with great velocity. 
To test the trnth of this suggestion the crncial experiment, of 
course, was to try to heiul the rays by a magnetic field. The 
first one to .succeed in doing this wa.s Rutherford, who used the 
following method; 'I'hc apparatus necessary for the experiment 
is shown in lug. 53. Tfiacc a gold leaf electroscope A of the 
usual form, of about to cm. square, on a heavy lead plate BB, 
in wliich an opening ah is cut. This opening should he cov¬ 
ered by a very thin sheet of aluminium foil not more than .0003 
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cm. in thickness. Itelmv this is a set of twenty Hve parallel 
brass plates SS, whose planes are perpemlieular to the ])laiic of 
the paper. Make these plates i niin. thick, 3.5 eni, in height 
and I cm. in width. 'I'hey should he equally spaeeil apart at 
a distance of .05 cm. 'Pliis is done hy eulting grottves ecpial 
distances a])art in two side plates as in (’ and P, into which 
the brass plates are slipped. In the vessel below these 
plates ]dacc a layer of stningly active radium bromide. 'Phe 
rays from the radium hntmide jiass up thniugh the slits he- 
tween the plates and ioni>'e the gas in the (deetroseope. 'I'hc 
emanation arising from the radium must he removed or else it 
will produce ionization in the electroscope and mask the real 
cfifcct to he observed. 'Phis inav he done hy passing a eoii" 



tinuoiis stream of dry hydrogen downwards through the elec¬ 
troscope and the porous aluminium foil ami then tlmmgh the 
outlet IL The use of hydrogen instead (»f air has a great 
advantage owing to the fact that the a rays are ahsorhed to a 
much less extent in hydrogen than in air, and therefore they 
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are able when they reach the electroscope to produce greater 
effects than if they had passed through air. Hydrogen is pref¬ 
erable also because the effect of the /3 and y rays in the elec¬ 
troscope is less in hydrogen than in air. 

Place the part of the ap])aratus MNOP between the poles of 
as powerful an electroniagnet as is available so that the mag¬ 
netic field is parallel to the plane of the plates, that is, perpen¬ 
dicular to the plane of the paper in the diagram. The strength 
of this field should he at least 8000 units and greater if pos¬ 
sible. Set the stream of hydrogen flowing steadily and per¬ 
form the following experiments: (i) Measure the ionization 
in A, when no magnetic field is acting, by observing the rate of 
discharge of the gold leaf system in the usual manner. (2) 
Cover the radium with a sheet of aluminium or mica .01 cm. 
thick to absorb all the a rays, and then measure the rate of dis¬ 
charge of the electroscope. The first observation gives the 
rate of discharge due to all three types of rays, namely, the 
a, ^ and y rays, and the second observation gives the rate of 
discharge due to the (i and y rays alone. Therefore the dif¬ 
ference shows the effect due to the a rays alone. The a rays 
will be found to produce by far the greater amount of ioniza¬ 
tion, that due to the (i and y rays being only a small fraction 
of the total. (3) Remove the sheet of aluminium or mica cov¬ 
ering the radium and apidy the magnetic field and observe the 
rate of discharge in the electroscope and note that it is much 
less than in observation (i), the decrease being very much 
more than would be due to the cutting off of the ^ rays by 
deflection and therefore must be due to the cutting off of a 
large proportion of the a ray.s as well. (4) This may be 
shown by making another observation. Cover the radium 
again with aluminium .sheet to absorb the a rays and apply 
the magnetic field and observe the rale of discharge and note 
that it is slightly less than in observation (2). The difference 
between (2) and (4) indicates the cutting off of the p rays 
by the field. This decrease is much le.ss than the total differ¬ 
ence between (i) and (3), showing that a large part of the 
difference between (i) and (3) i.s due to the deviation of the 
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a rays by the niagiictic field. If the strength of field can be 
increased the dllTercnce between tlie nite.s of discharge in (i) 
and (3) may be. increased, showing that the stronger the. field 
the more rays are deflecled. 

These experiments show that tlu* a rays can bt' delleeled by 
a magnetic field, hut it retpnres a very powerful tield to pro¬ 
duce appreciable delleclions, ami it is for this reason that the 
a rays were so long considered non (leviahle. 'This deviability 
of the rays indicates that they carry an electric cliargc, and 
as in the ca.se of the rays it is cd' importance to determine 
the sign of this charge, 'riiis may be iltme in the following 
manner: Arrange another set of plates with slits between them 
similar to those used in the last experimenis. oidy make the 
spaces between the plates i nmi. each instead of 0.5 mm. In a 
brass plate about i nun. thick cut slits exactly the same width 
and exactly corrc.sponding to the .slits between the parallel 
plates and place tlii.s i)Iatc over the vertical plates and slits 
so that the brass plate covers a little over the half of the slits 
between the plates as shown on an enlargeil scale in h'ig. 
54. If the magnetic field is not (luile strong emuigh to 
deviate all the a rays, then if the devia- 
rX3 _ tion is in the direction from cl to /i 



more rays will escape through the slits 
than if the deviation is in the direction 
B to A. Apply the magnetic field finst 
in one direction and then in the opposite 
one and observe the rale of discharge in 
each case. This will .show whether the 


Fig. s 4. f’l" fnmi B to 

A when the field is applied in a given 
direction. Observe this carefully and note that the a tay^ m’e 
bent in the opposite direction to that in which the ft rays would 
be bent by the same field. Since the rays are negatively 
charged the a rays must therefore be positively charged. 

94. Electrostatic Deflection of the Rays. Since the mag¬ 
netic deflection of the rays indicates that they carry a nega¬ 
tive charge, it should be possible to deflect them also by means 
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of an electrostatic field. This electrostatic deflection may be 
observed by the photographic method similar to that used in 
the case of the magnetic deflection (§92). Place the radium 
bromide in the groove formed by the two lead plates (Fig. 52) 
to obtain a narrow beam of rays. Cut off the a rays by cov¬ 
ering the radium with the usual sheet of aluminium. Between 
the photographic. ])laee C and the groove place two metal plates 
])arallel to each other and to the plane of the groove contain¬ 
ing the radium. 'These plates should be about 4 cm. high and 
2 cm. wide, and i cm. apart. 

Before applying the electric field allow the rays to fall 
upon tlie photographic jflate for a1)out thirty minutes to indi¬ 
cate the undellecled direction oC the rays. Then establish a 
difference of potential of several hundred volts between the 
plates and allow the rays to fall ui)on the photographic plate 
for the same time. '’Then develop the ])late and observe that 
the impression produced by the deflected beam is towards the 
positive plate. As in the case of the magnetic deflection this 
indicates that the rays carry a negative charge. 

'I'lie a rays may also be deflected by an electrostatic field, 
using an arrangement similar to that used for the magnetic 
deflection (§93), but in this case the parallel plates forming 
the. slits ( b'ig. 53) must be held by ebonite side pieces C and D 
instead of metal to insulate them. 'Alternate plates should be 
connected togi'tber and a large difference of potential estab¬ 
lished between the two sets. This experiment is somewhat 
diflicidt to carry out, for it re(|uires a very intense electric field 
to produce an appreciable deflection and the potential suffi¬ 
cient to produce a large deviation will cause a spark to pass 
between the jilates which arc .so close together. Another 
method by which much greater effects are produced will be 
described in a later chajiler {§ 110). 'J'he results of the elec¬ 
trostatic deflection of the a rays i^oint to the same conclusion 
as the magnetic dcllcctiou docs, namely, that the a rays carry 
a positive charge. 

'I'hc y rays differ from both the a and ft rays in this matter 
of deviation. As yet no deflection whatever by either a mag- 
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nctic or an electric field has been observed in Ibe case of the 
y rays. They do not appear to carry any clnir^jte, a.s far as is 
at present known. 

95. Conclusioiis.—We may conelnde then fnun the results 
of these experiments that there are three definite and distinct 
types of rays emitted by radio-active substances. 'I'he a rays 
are very easily absorbed on })assinf( thr(Ui^'h solids and they are 
positively charged particles movinj.^ with a high velocity. 'Phis 
high velocity is indicated hy the fact of the very intense mag¬ 
netic or eleclro.static field recinired to tlellecl them. 'Phe rays 
are very much more penetrating than the a rays and they are. 
negatively charged particles emitted willi coniparativcdy high 
velocity. The third typo, or y rays, are extremely penetrating, 
rccpiiring large thicknesses of solids to ab.sorh them. No indi¬ 
cations that they possess an electric charge lias evm- been 
olxscrvcd. The four radio-active substances uranium, thorium, 
radium and actinium under normal conditions give out all three 
types of ray.s. I’olonium however gives out only a rays. 
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(II'.NI'.RAT. TROl'I-.RTIl'.S OF RADIATIONS. 

96. Methods of Differentiation.—To thoroughly investigate 
Ihc.sc ray.s and to (Hrfcrenliatc one type from another there are 
(lilTercnt methods of attack. There are in general live distinct 
properties, some of which we have already observed, which 
furnish tests that may l)e applied to distinguish the different 
rays from one another as follows: (i) Their penetrability or 
power of passing through different substances; (2) the ease 
with which they may ])e deviated by a magnetic or electric field; 
(3) their i)ower of ioni^.ing ga.scs; (4) their power of affect¬ 
ing a photographic plate; (5) their power of producing phos¬ 
phorescence. 

These properties are luit all pos.scssed by the different kinds 
of rays, but the presence or absence of them or the degree to 
which they are present fnrni.sh tests by which the rays may be 
detected and dilTerenlinted. Tn general the rays which pro¬ 
duce the greatest photographic action produce the least ioniza¬ 
tion. Also the more ])enetrating the rays the less efficient are 
they as ionizers. Tt is very difficult to make definite quantita¬ 
tive measurements fin the relative intensity of the three types 
of rays, whether we use their ionizing power, their action on 
a photograidiic ])late or their pro.sphorescent action. For in 
each of these methods the proportion of the rays absorbed and 
transformed into the energy of ionization, or photographic or 
idiosphorescent energy is difTerent for each type of rays in 
each ease, and only a portion of the energy is transfonned into 
the form of energy used to detect the rays. 

Another difficulty arises from the fact that the three types 
of rays are usually emitted .simultaneou.sly and it is difficult to 
isolate one type from the others. In most cases however fairly 
approximate detenninatlon.s can he made. 

97. Comparison of Ionization Produced by a, and y Rays. 
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—The a rays arc nuich more cflicieiit ionizers lhau either 
the /? or y rays. When all three types of rays are acting 
simnltaiiconsly on a gas by far the greater part of the ioniza¬ 
tion is dne to the n rays, 'riie y rays are ninch less power¬ 
ful ionizers than the (i rays. A very appro.xiinate itlea of 
the relative ionizing jiowers of these rays may he obtained 
by the ftdlowing method; In a lead block not more than (> cm. 
long cut a reclangnlar groove about .| cm. long, 0.5 cm. wide 
and 2 cm. deep. In the bottom of this plact* a thin layei’ of 
radium bromide. Abo.ut 0.5 cm, above this groove :md parallel 
to it place two parallel metal plates in a vertical plane about 
2 cm. apart, fl'liese plates should be' about f) cm. high and 
5 cm. wide. I’ass a slow stc'ady stream of air over the top 
of this groove to ])revent the emaualiou from diirusing upward 
between the plates. I'lace the lead block ctintaining the radium 
between the poles of a fairly power fid electromagnet so that 
the field is parallel to the length of the groove. A])]ily a mag¬ 
netic field sunicient to bend the p rays away, so that tlu'y may 
not reach the .space between the plates, but not strong enough 
to affect the a rays. 'I'his will allow only the a and y rays to 
ionize the gas between the plates. Measure the saturation 
ionization current thus imuluccd by the a and y rays. 'I'lic 
effect of the latter is practically inappreciable compared with 
the former. Now remove the magnetic, field and cover the 
radium with a sheet of aluminium about .01 cm. thick to cut 
off all the a rays. The ^ and y rays will now ionize the gas. 
Measure the saturation current under these conditions, 'riic 
greater part of this ionization current is due to the fi rays. 
Now cover the radium with a thin sheet of lead about 2 nun. 
thick to cut off all the a and fi rays. 1'heu measure the ioniza¬ 
tion current which will be due entirely to tbe y rays and will 
be very small, so much so that the electrometer will reciuire 
to be very .sensitive to delect it. 'I'he difference between the 
current in the last case and that in the second vvill give the 
current due to the ^ rays alone, while the difference between 
the last and the first will give the current produced by the a 
rays alone. The relative amount of ionization produced by the 
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three types of rays under the same conditions may thus be com- 
])arcd. Jt will he seen that the a rays produce several thou¬ 
sand times as much ionization as the y rays, while the p rays 
produce ionization of the order of about one hundred times 
that of the y rays. 

If similar experiments are made, usint>- the other radio-active 
substances such as thorium or uranium, it will be found that 
the relative iouizinj^'' power of the three types of rays are in 
the same order as in the case of radium. It will be observed 
also that the /i rays emitted l)y cither thorium or uranium are 
very weak ionizers. 

lly modifyiutf the ap]-»aralus sli}>thtly the relative ionization 
of the (litTereut types of rays may be compared in different 
gases. An arrangenu'ut .suitable for 
this is .shown in h'ig. 55. A is the lead 
block with the groove B cut in it as 
before, d'he ]dates P and P between 
which the ionization is to be mea.surcd 
are contained in a bra.ss tube I\1N about 
10 cm. high and fi cm. diameter. These 
plates are supp(U'ted by stout rods pass¬ 
ing out through ebonite insulators as 
shown, d'his enclosing tube .should be 
made to lit closely on the Hat surface of the lead block and the 
joints made air-tight by waxing. For thc.se experiments use 
a sample of an active uranium salt as uranium emits no emana- 
lioii while the other active .sub.stanccs do. 

Flace the uranium in the groove and then carefully wax 
down the tube /1/<V and place the lead block between the poles 
of the electromagnet as before. Start with the vessel filled 
with air at atmospheric jwessure, and, after bending the ^ rays 
out of the way by the magnetic field, measure the ionization 
produced by the n rays. Fxhau.st the vessel and fill with other 
gases in turn and measure the ionization current due to the 
a rays in each ca.se. Now remove the magnetic field and also 
remove the vessel MM and cover the groove with the alumin¬ 
ium sheet to cut utT the a rays and replace the vessel and rewax 
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the joint. Measure now the ionization produced hy the rays 
in the same gases as were used in (he case of tlu' a rays. Make 
a careful compari.son in eacli case and it will he found that the 
numbers representing the rc'lative .saturation currents pro¬ 
duced in the (Hfferent gases hy the a rays are not in exactly the 
same ratio as those representing (he currents produced by the 
(i rays, allhoitgli they follow in (he .same general order. 

If the uraninm is covc-rc'd hy a thin sheet (d haul to ent o(T 
both the a and (i rays it will he found that the ionization 
produced hy the y rays is very small in (he various gases, and 
unless the electrometer is a very sensitive one they will have 
to he measured hy means of an electroscope. 

98. Photographic Action of the Raya.- Although the a rays 
arc much more active as ionizers than (he /i or y rays, when 
wc come to study the action of the dilTerent types of rays on 
a photographic plate it is found that the /i rays arc much 
more active photographically than either the a or y rays. 
The y rays are also much less active photograiihically than even 
the a rays, and in the case of the very weak y radiation from 
uranium and thorium practically no photographic. cdTect has 
been found. In making experimental determinations on these 
radiations this dilTerence between the ionizing and photo¬ 
graphic properties of the a and jS rays especially must he care¬ 
fully taken into account, for otherwise contradictory results 
arc very apt to he obtained. 'Take as an in.stance a case when 
only one kind of rays are being used, such as the a rays, for 
instance. If the ionization, or electrical, method of measure¬ 
ment is used quite a large effect may he tihserved from the 
active body, while if the photographic method of measurement 
is employed the effect may he very small or may even not he 
detected at all. If however the ft rays emitied hy the active 
body had been used just the reverse would have been observed, 
for the photographic action would he comparatively strong, 
while the ionization effect would he comparatively weak. 

It is somewhat difficult to accurately eonqiare the relative 
photographic action produced hy the different types of ray.s, 
for in many cases the photographic plate must he vvrapi>cd in 
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black paper to cut off the phosphorescent light which is also 
given out 1)y some of the radio-active bodies, and this paper 
will absorb the a rays much more than it will the or y rays. 
Then in the case of uranium or thorium where the radiations 
arc comparatively weak it re((uires generally about a day’s 
exposure to produce an appreciable effect on the plate, and 
during this time other elTects from extraneous sources are apt 
to occur unless very special precautions arc taken. A very 
approximate comparison may he made by the following method: 
Place a specimen of radium bromide in the groove of a lead 
block similar to the one. shown in Fig. 55. Wrap a photo¬ 
graphic ])late al)out 7 cm. scpiare in a .sheet of black paper to 
protect it from any light and place it horizontally, fdm down¬ 
wards, about 3 or 4 cm. above tlie lead Iduck. The experiment 
should he done in a dark room. Pond the ^ rays out of the 
way in the usual manner and allow the a rays to fall upon the 
plate for about an lu)ur or more. Now cover the radium with 
the usual ahsorl)ing sheel of aluminium to absorb the a rays 
and remove the magnetic field. Move the photographic plate 
so that another portion of it is above the groove and exposed 
to the rays. Allow the [i rays to fall upon the plate for the 
same length of time as in the first instance. Again cover the 
radium with the usual ahsorhing lead sheet to absorb the a 
and ^ rays and shift the plate again so as to expose another 
portion to the y rays. Allow the y rays alone to act for the 
same time as in the other cases. Remove the plate and develop 
it and compare the three impre.ssion.s made by the three types 
of rays, d'hi.s exiierimeut might he repeated for shorter times 
as well as longer times of exposure. 

''J'hc experimenl.H .should he repeated using samples of uran¬ 
ium and of thorium, d’he time of ex[)osure with these sub- 
.stance.s will retpiire to he very imich longer to obtain any 
appreciable effect. It will recjuire about a day’s exposure in 
each ca.se. It will he found also tliat the y rays from uranium 
and thorium produce i>raclically no effect. 

99. Phosphorescent Action of the Rays.— The rays emitted 
by the different radio-active bodies cause certain substances 
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to phospliorc'sco when the* rays fah npoii 11 u‘!d. 1 his eflect 

may he observed in the case of t[uile a lai'K^e mimher of snh- 
stances such as crystals of zinc sulphide, plalino cyanide f)f 
barium, diamond, lilhiinu, willeinile, kun/.ilc, etc. 'The various 
substances which slunv this elTeel are imt etpially alTecled by 
the three ty])es of rays. I'or inslance, zinc .sulphich' is e.spe- 
cially sensitive to the action of (he a rays, while the ])latino- 
cyaiiides of barium or lithium .show (he elTect of the y rays to 
a marked dej^rc'C. d'hese phosplioreseetit cdtecls art* in some 
cases very brilliant, and they serve as a very convenient means 
of detectiiif^ and ohservinj^ these radiations. 

In the case of some of the pho.sphoresceiti htulies there is a 
marked phenomenon shown by the n rays which is not shown 
by the ^ or y rays. When the a rays fall upon zinc sulphide, 
•for instance, it is brilliantly illuminated, and if it be eKumined 
with a magnifyinji^ ^dass the illinninatitm is found not Itt be uni¬ 
formly distributed, but to consist of liri/^bt seintillatinj^ points 
as though the zinc sulphide were being bombarded nml a bright 
scintillation resulted from each impael. 'riie illuiniiuition pro¬ 
duced by the ^ or y rays ditTers from this in being uniform 
and continuous, and does not show these peculiar seintillations. 
Tliis scinlillating action i.s shown by the a niys emitted by 
practically all the radio-active bodies. Tlu* plienomeiion is 
most marked with zinc sulphide, hut it may also he observed 
with willcmite and the platiiio-eyanide of potassium. 

On a sheet of thick white paper or very thin white cardboard 
dust a uniform layer of finely powdered crystalline z.iuc sul¬ 
phide. The cardboard .should fir.st he eoatetl with a thin coat¬ 
ing of paste to cause the .sulphide crystals to adhere. In a dark 
room place the screen horizontally about 2 cm. above a speet- 
men of radium. The screen should atipear hrilliaully illnnii-- 
natecl. Examine this illumination carefully with a magnifying 
glass and observe the bright Hashes or .sciiitillation.s. (.'over the 
radium with the usiuil ahsorl)ing sheet of aluminimii to cut oIT 
all the a rays. Note that the illumination diminishes in in¬ 
tensity and not only that but no scintillations are visible, show¬ 
ing that a large part of the total illumination is due to the 
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a rays and also that the scinlillatinj^f action must be due to the 
action of the a rays. 

If the ^ ray.s he also etU off 1 )y an ahsor 1 )inp^ metal sheet the 
pho.spliorescenoe produced hy the y rays alone may be ob¬ 
served. This action will he found weaker than that of cither 
the a or jS rays. A screen made of crystalline platino-cyanide 
of hariuin or lithium i.s much more suitahle for showing? the 
phos])lu)rescent aclitni of the y rays than the other phosphores¬ 
cent .substances. 

100. Complexity of a and /I Rays from Radium.—When a 
narrow beam of fi rays from radium is allowed to fall upon a 
])hotogTaj)hic jdatc' or a ]>hosj)hf)rc'sc{'nt screen a narrow dark 
or bTif,dit hand is lu'oduced. Tf a maf^netic field he applied to 
the beam of ray.s it will not only he deviated as shown by the 
movement of the hand on the jihotofjfraphic plate or phosphor- 
e.scent screen, hut the hand will also he increased in width, 
.showiufj; that .some of the rays in the beam must have been 
bent more than others. Idiis indicates that the jS rays from 
radium are not ])eiTectly h0111 oj^eneons. Some of them are 
projected with greater velocity than others and those with the 
hifi:her velocity will of course he deviated le.s.s hy a ^iven mag’- 
netic field. 'The /? rays ('milled hy uranium do not show this 
hroadeniuf^p indicaliiif*' that the beam of ^ rays from uranium 
is homof^eneous in character, the rays all being' emitted with 
the same vc'locily. 

'Tile a rays from radium also .show a similar want of homo¬ 
geneity. It is not so easily oh.served in the case of a rays on 
account of the difficulty in bending them. Careful experi¬ 
ments show that the n rays emitted hy radium are not all pro¬ 
jected with the same velocity. 

101. Absorption of the Rays by Solids.— Wc have seen 
(§c)o') that one of the most marked disluigiiishing character¬ 
istic's of the three types of rays is their different powers of 
penetrating .solid hotlit's. vSome further experiments on this 
qne.stion may ju’ove of value. ITranium will he found a more 
convenient .source of a and ft rays for the study of this quc.s- 
tion than radiimi on account of the complexity of both the 
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a and ^ rays from raditmi, but raditini is Ijoltor as a source of 
y rays as it gives out a mneli more intense y radiation than 
uranium. 

a Kays.—'rhc form of a])iKiratus shown in log. 50 will be 
found convenient for the examination of the absorption of the 
a and fit rays. Jf a very thin layer of nraiiiuin be usisl prac¬ 
tically all the ionization produced is due to the n rays, only 
about one or two per cent, of the total ioui/ation being due to 
the and y rays. Place a very thin laytu- of uranium oxide of 
about 25 sq. cm. in area on the plate (' (b'ig. 50) and adjust the 
distance between the plates to about J cm. Measure the satu¬ 
ration ionization current between the jdatt's. Place a thin sheet 
of aluminium foil, not more than .0003 cm. thick, over the 
uranium and measure the curretil. Repeat this, adding a sheet 
at a time, till all the a rays ;ire completely ent olT. Kc-peat 
this using very thin .sheets of tissue paper. 

The a rays of radium may be separated from the f-i rays 
temporarily by dissolving, a little radium ebloridi' in water and 
then evaporating it on a metal idale. 'riie racllum ehloride left 
on the plate is thus rendered nearly free from f-t rays for a 
short time. Using such a deposit as a sotnvt' of radiation, 
repeat the experiments with the ulnmininm foil. 

If Iq is the intensity of the rays before passing Ibrongli any 
absorbing material and I the intensity after jiassing through a 
thickness .r of the absorbing suhslanee, it will be found that 
the relation between /q and / obeys approximately the s.ame 
law as found for Rdntgen rays (§f )0 untler similar eondilloiis, 
namely, ///o- where A is the eoenicienl of absorptitm. 

/? Rays .—To investigate the absorj)lion (d' the fi rays use ;i 
comparatively thick layer of uranium oxide several nnHimelers 
thick. Cover this with a sulllicienl Ihickne.ss of alumininm foil 
to cut off all the a rays. Perfonn a set of experiments similar 
to those made with the a rays. In tins insianee, however, since 
the ^ rays arc so much more penetrating, a great thickness of 
absorbing material may be used and therefore a imieli greater 
variety of substances may be tested. Test a.s before the rela¬ 
tion between the absorption and the thickness of the absorbing 
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material and note that the absorption law given above is ap¬ 
proximately adhered to in the case o f the (i rays as well as the 
a rays. Compare also the ahsorlnng power of equal thick¬ 
nesses of dillerent materials and observe that the absoiq^tion 
increases with the density, but they are not proportional to one 
another. 

y Rays.—''rhe absorption of the y rays may be most success¬ 
fully examined by using a layer of radium a inillimctcr or so 
in thickness as the source of rays, and an electro.scope for 
measuring the intensity of the rays. 

Place a layer of radium bromide in a shallow receptacle of 
not more than i or 2 mm. depth and 10 or 12 sep cm. area. 
Clover it with a thin sheet of mica about .01 cm. in thickness 
and carefully seal down (he edges with wax to prevent the 
emanation from escaping. Place an electroscoi)e of the usual 
form (I'ig. I. id on a lead jilate in which is cut an opening about 
C) cm. scjuare. About 2 or 3 cm. below this opening place the 
enclosed radium and cover it with a sheet of lead about 2 or 
3 mm. thick .so as to completely cut o(T the ft rays. Measure 
the intensity of the y rays by the rate of discharge of the elec¬ 
troscope. 'riicn cover the radium with gradually increasing 
thicknesses of absorbing materials and note the diminution in 
intensity with increase of thickness for each substance. Te.st 
this by tlie al)Sorption ecpiation given above. Compare also the 
absdrbing powers of dilTerent .substances for y rays. It will 
be found that (he thickne.sses of absorbing materials re(|uirecl 
in these experiments tt) produce appreciable absorption are 
very much greater than in the experiments with a and ft rays. 
Quite appreciable effects will be produced by the y ray.s even 
after they have passed through several centimeter.s of such a 
dense substance as lead. In all these cxi)criment.s on ab.sorp- 
tion it will be found instructive tt) plot curves showing the 
relation between the intensity of the rays after pas.sing through 
the ab.sorbing material and the thickness of the absorbing 
substance. 

102. Effect of Varying the Thickness of a Layer of Radio¬ 
active Material.— In .some of our experiment.s we have used 
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as our source of raclialiou a lliin layer of radio-active material 
and in others a thick layer, d'lie reason for tin’s will now he 
apparent after studyint>’ the ahsor])tive jM’iwer of .solid bodies 
for these radiations, ddie radiations are emitted from all parts 
of the radio-active material, not only at tlu' surface hiit throipt;1i- 
out the body of the substance. If there wi'rc* no such thiiij^ 
as absorption then the rays from all parts of the material 
would cmcrp;e' into the air with equal intensity and produce 
their effects and any increase in the (piantity of material would 
produce a proi)orlional increase in the amount of radiation 
emitted. I5ut since ahsoriition dot’s lake place, when the layer 
of material is thick then the rays which are piven oil from the 
lower layers have to pa.ss lhronfi;'h the upper layer before emerj^''- 
ing into the air and therefore sntrer absorption in passing 
through the solid material, whereas if the layer is very thin 
practically no absorption lakes place, as the distance traversed 
is so very .short. On account of the dilTerence in the peiietrat-' 
ing powers of the three tyi)es of rays (he elTeet of altering the 
thickness of the radiating material is dilTerenl in the three 
case.s. Consider the dTcet on eaclt ty[)e of ray separately. 

Effect oil a Rays.—Tho a rays given idV frinn a very thin 
layer suITcr no ah.sorplion a.s they are all praelieally givc'ii olT 
from the surface and the full elTeel of (he rays is ohserved in 
the air above the maleriid. If the layer (d' m:ileri;d is appre¬ 
ciably incrca.sccl the amount of radiation einittwl is increased in 
the same proportion, hut the rays emitted from the haver layer 
have to pass through the increased thickness of material and on 
account of their weak penetration sulTer .absorption and oidy a 
portion of them finally emerge into the air, 'riierefore the in¬ 
crease in the emergent radiation is iml proportioiud to the 
increase in thickness. The thicker the layer the more are the 
a rays from bedow absorbed, until finally a ihickncss is reached 
which is sufficient to completely ah.sorh all the a rays which 
come from a depth below this Ihickne.s.s. I ou^equently when 
this condition is reached any further increase in the thickness 
of the material will produce no further increase in the emer¬ 
gent a radiation. Starting, therefore, with a very thin layer of 
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material the ionization will increase with increase in thickness 
until a maxinunn is reached at the point where the thickness 
is sufficient to ahsorh all the a rays coining from below this 
depth and the maxinunn will remain constant for any increase 
in material. 

Rays.—TI k' efleet is very much less marked in the case of 
the rays, d'he latter are so much more penetrating than the 
a rays that they will pass through a much greater thickness of 
radio-active material without snfl'ering much ah.sorption. If 
the ionization jn-odneed hy the ^ rays from a thin layer is 
measured and the lliickness of material gradually increased the 
ionization will increase much more nearly in proportion to the 
amount of mati'rial, for the rays from the lower layers are 
ahsorlied to such a small extent that covering the lower layer 
with more radio-active material does not i^rodiice much absorp¬ 
tion. lonally, of course', a thickness will he reached which 
will ahsorh all the* (i rays emitted from below this thickness 
hut the (luantity of material will he very much greater than 
that reejiiired to ahsorh the n rays. 

y /v’(rv>'^.- -'I'lie y rays are .so extremely penetrating that they 
will ])ass through a very large (|uantily of radio-active material 
before being ah.sorht'd to any aj)i>reciahle extent. The ioniza¬ 
tion i)roduced hy the y rays ah)ne will therefore he practically 
proixirtional to tlu' ([uantily of radio-active material used. To 
obtain an inlen.se y radiation a large (piantity of material may 
he employed. 

lixp crime Ilia! I'esls. - 'rhe re.sults given above may be very 
easily observed experimentally. U.se the apparatus shown in 
Fig. 50 and as a receptacle for holding the radio-active material 
use the one described in ^ H5, so a.s to u.se the .same surface 
area in all cases. Idle {letachablc plate with the hole in it 
.slionid be about i cm. thick to give .sufficient depth and the 
hole in the plate .shonld be aliont 5 cm, .square. Place a.s thin a 
layer as possible f)f nranium oxide on the bottom of the re¬ 
ceptacle. This may he done hy sifting the oxide through a 
thin wire gauze as uniformly as possililc. Measure the cur¬ 
rent between the plates. Weigh the plate before the oxide is 
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])lacc'(l on it aiul also afterwards (o obtain tlu' wei|^ht of oxide. 
Increase the lliiekuess of oxitle slightly aiul again measure the 
current and weigh the oxide, t ontinue this until tlu* current 
approaches a maxinuun. If the material is uniformly sifted 
over the area the thickness may he taken as proporiioual to the 
weight in each case. Plot a emua' showing the relation be¬ 
tween the. thickness :md the current prodnci'd. With the 
thicker layers the [i rays hecomc more prominent ami part of 
the current is due to them. 

Start again with a thin layer and ctiver it with a sheet of 
aluminium thick enough to ahstirh all the 1 rays. Kc'peat the 
above experiments and observe the relation between tlu' thick¬ 
ness of material and the ionization (irodiieed hy the /I rays. 

The cinanlily of a rays emitted by uranium oxide is very 
small and besides that the y rays are vt'ry wi'ak ionizt'rs. ('on- 
seciuently the y radiation from a very thin layc-r of uranium is 
practically inappreeiahle and considerable tbickness is re(|uired 
to produce much elTect. Start with a layer a couple of milli¬ 
meters thick and cover it with a lead plate about two millime¬ 
ters in thickness to ah.sorb all the n and /I rays. Kepe:it the 
above experiments and compare the ioni/atiou prodnceil by 
(lifTerent thickne.s.ses of material, 'fo measure the ioniz:ition 
u.sc the usual form of electroscope. 

Test also the y radiation from specimens of thorium ami of 
radium. In the.se tests the emanation will Jiot interfere, as the 
thorium or radium may for this purpose be covered with a 
sheet of mica and sealed up so as to be air tight. Note that it 
rcc|uires a considerable thickness of thorium to produce ap- 
])rcciable ionization by the y rays, but that a much thinner 
layer of radium will produce as great if not greater elTects. 

103. Absorption of Rays by Gases. 1 ‘he rays from radio¬ 
active substances siifTer absorption in their passage through 
gases as well as through .solids, hut of ctmi’M* tti a mueh le.ss 
extent. The y rays are so ])enelraling that tlie ahsorptimi of 
them by gase.s is extremely small. 'I'he fi rays will jjass through 
a considerable distance without showing much tlimimitiou in 
intensity but the distance is much less than in the case of y rays. 
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The a rays, on account of their low penetrating power, are 
comparatively easily ahsorhed hy gases. This absorption of 
the a rays 1)y gases may he easily observed hy means of the 
api)aralus .shown in h'ig. 56. 

/IB is a brass plate 12 cm. s([uare sii])ported in a fixed posi¬ 
tion hy a brass rod R ]>assing out through an ebonite plug, 
j’arallel to . IB and allacbed to it by ebonite rods is the plate 
('/) of tlie same si/.e in which is cut an opening aliout 8 cm. 
sejuare. 'Phis opening is covered with extremely thin alumin¬ 
ium foil or very thin wire gauxe. 1'he di.stauce between these 
plates .sliould he about 1.5 cm. /IB is connected to the electrom¬ 



eter and CD to a battery in the usual manner. A plate P about 
14 cm. s(iuare is supported hy a rod .S'*, which passes through 
a closely fitting tnlie and nut attaclied to the base plate PIK. 
Hy means of this nut P may be raised or lowered parallel to 
itself so the distance between P and C 7 ) may be altered as 
desiretl. A piece of rubber tubing fit.s tightly over the lower 
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part of this nut ami llu* rotl .S‘ so as (o make (he joint air- 
tif^ht. The whole system of plates is enek-'-c-tl in u metal box 
]\tN whieh fits on to (he base plate UK. Tlie joints may all 
he made air-tijjfht by wa\iu|j:. 'PluTe shotdd he a couple of 
windows in the sides of the vessid to observe the interiitf, 'Phe 
radio-active material is jilaced in a uniforiu layer on (he plate 
P coverin|jf an area of u cm. sijuare. ('oimect (he plate P and 
the enclosini^ vessel to earth. 'Phe ravs from the railio active 
material tni P ionize the iixed vohime of j'as between the jilates 
/IB and Cl) between which (he mirretit is measureil. Since 
the rays are ah.sorbed in passinfjf throuf^h tlu’ }j;as belwctm P and 
CD we .should expect the current between ,//>’ and CD to 
diminish as the distance between P and ( 7 > is increased. Place 
a thin layer of uranium oxide on P so (hat practically all the 
ionization is produced l»y (he a rays and the [i rays may l)c 
nej^'lected. vSlart with /’ a couple of mlllinudcrs or .so from CD 
and mea.siirc the current, then grailually lower the plate /’ by 
.small measured intervals ami measure the current at each di.s- 
tance and observe how (he current dimiiushes with increase of 
distance. Plot a curve showin|.t; the relation between current 
and distance between P and CJ). It will be seen (hat as the 
distance increases in arithmetical pro^ressiuu the tairreiiL 
diminishes a])proximatcly in j^mometrical propressiou. 

As was shown in § loi for solids if /„ is (he intensity of 
the a rays at the surface of the radio active material and / 
the intensity at a distance .r from it then / /„t where A is 

the coefficient of absorjilion for the p:as. Let .r he the dis¬ 
tance between P and CD and I the distance between CD and 
AB. The rays are also absorbed in passing'' Ihroii^di the foil 
F by a small constant fraction. Let the fraction which 
emerges after passing through tlie foil he denoted by /C. 'Phcii 
the intensity of the rays at the upper surfaee of /*' is etpud to 
and at the lower surface of AB it i.s A 7 „« Then 

since the amount of ionization produced is ])roj!ortioual to the 
intensity of the rays the number of ion.s protluccd between 
the plates is proportional to A7„« — A7„e Puit 

KI^(i — Therefore since A7„(i“>6^*) is constant 
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for given conditions the saturation current between the plates 
is projwrlional to that is it decreases according to an ex¬ 
ponential law with the increase of distance from the source as 
was observed by eaperiinent. 

Fill the vesst'l with ollu'r gasc'S in turn and repeat the experi¬ 
ments and ]dot the corresponding curves, using distances 
between ( 7 ) and V as abscissa* and currents as ordinates. 

Since the cnrrenl (.' is ])roj)ortional to and also propor¬ 
tional lo the delleclion d of the eleetronietcr needle, then d is 
proportional lo c Hy observing 7 , and 7 „ for two known 
distances .r, and .1-^, in any gas and supplying these values in 
the e(|ualion 7 ,/(/.,: the value o[ the coefficient of 

absorption A may be determined for this gas. Calculate from 
the observations the value of A in each gas. 

By more t'laborate and careful measurements it has been 
found th.'it the relative ioni/ration in gases is proportional to 
the relative absorption. 'File ioni/.alion produced by the 
faj)idly moving a particles is due lo their collisions with the 
molecules of the gas. 'I’he more collisions that take place the. 
mon* ions will be produced. U rerjuircs energy to produce 
these, ions, and the energy is derived from the kinetic energy of 
the a ])ar(ides, 'riie energy of the n particles is thus gradu¬ 
ally redtieed in their passage through the gases, and if their 
energy is rethieed below a certain amount they do not possess 
siillicient energy to prodiiee ions and therefore lo.se their power 
of manifesting their presence. The energy of the rays is thus 
ahsorhed and (hert* is therefore a direct relation between the 
amount of absorption and the amount of ionization in any 
given gas. 

'Phis melliorl i.s not a convenient one to measure the ab¬ 
sorption of either the or y rays Ity gases, for on account of 
their mnch greater penetrating jiower it would require a great 
distance between the |)lates /’ and (71 to ])roducc an appre¬ 
ciable absorption which could he measured with accuracy. If 
greater di.stauces were used to produce sufficient absorption to 
he measuri'd the rays wonid spread out lo such an extent that 
the intensity of radiation could not he considered constant over 
a plane paj'allel to the tdale P at a great distance from P. 
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llsiiif^ the .same apiiaraliis repeal these experiments for each 
of the pauses at difTerent “j^ressiires Indow an atmosphere. Oh- 
serve that for any ji;iven p;as the ahsorplion is very approxi¬ 
mately proportional P> the pressure of the i^'as a.s would he 
ex])ected. 

104. Effect of Pressure on Ionization, 'riu' rate at which 
ions are produced hy tiie radiations from ruilio active hodie.s 
depends uiion the pressure of the {j;‘as. In tlu* study of 
Rdntgen rays (§t>2) it was seen that the saturation current he™ 
tween two parallel plates was proportional to the pressure. In 
this instance the ionization helweeii the plates was practically 
uni form. 'I'lie same is true for the ionization prothiced hy the 
rays from radio-active substances if the ionization between the 
plates is uniform. If a radio-active body ^^dvinjif out a rays 
he placed on the plate f' ( h'ij^'. 50) which is placed at a distance 
of 4 cm, from and the current measured in air at almo.splieric 
pressure and also at gradually decreasing pressure below an 
atmo.sphere the current will he found to decrease as the pres¬ 
sure decrea.ses, hut at first the decrease of current will lie less 
rapid than the decrease of pre.ssure until a pressure of about 
half an atmosphere is reached, h'or jiressnre.s below this the 
current will decrea.se in exact proportion to the ])ressnre. If 
the vessel be filled with carbon tlioxide in place of air the 
want of proportionality will continue till the pressure is in the 
neighborhood of about one third of an atmosphere aiul below 
that the current will be pro|)orlumal to the pressure. 'I'lic.se 
results appear at first sight to he contrary to the stutemeni that 
the ionization is proportional to the pressure, hut in reality they 
follow as a natural coiLsecpienee of the uh.sorplion of the ray.s 
by the ga.s. Since the a rays which produce the greater part 
of the ionization are so very easily ah.Horhed hy the gas the in¬ 
tensity of the rays is greatest at the surface of the plate (‘and 
gradually diminishes towards I). The ionization i.s therefore 
not uniform between the plate.s, as more ions are produced 
near C than near D. As the pre.ssure is decrea.sed the alisorp- 
tion is less and at first the ray.s are able to penetrate with 
greater intensity into the region nearer 1 ) and are therefore 
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able to produce luorc total ionization. 'The increased intensity 
therefore partly counterhalances the decreased pressure. This 
condition of affairs coiilimics until such a ])resHurc i.s reached 
at which the rays arc able 
to pcnetralt' to J) with 
practically tludr full intc'n- 
sity, and the ionization be¬ 
tween the jilatcs is uni 
form over tlu‘ whole space' 
and remains uniform for 
any further deci'east' of 
pressure. I-'roiu this static 
then the ioiuzatiou is pro 
portional to the i)ressure. 

'Phis pheuonu'iion is more 
marked the densi'r tlu* p;as 
which is ionized. 'Phe 
curves shown in h'ijj;. 57, which are due to Rutherford, illu.strate 
very clearly this jp'ueral phetuunenou in the case of three dif 
ferent {^ases. 'Phe dotted line shows where the curves would 
run if direct pi’oportionality were shown over the whole range 
of ])rcssure. 

'Phis etTecl of absorption is more marked the greater the 
distance between the plates (' and H, for the greater the di.s- 
tance the rays have to travel the more id)sorption takes place. 
If the plates he placed otdy 5 or mm. apart instead of 4 cm. 
the rays are absorbed to a very much less extent and the 
ionization betwei'u the ])lales is much more nearly uniform 
at atmospheric press\ire than in the case of the greater di.stancc. 
As the pressiire is decre:ised the stage at which the ionization 
is tpiite uniform i.s reached nmch more (puckly and the current 
is much more nearly proportiomd throughout the range of 
pressure. 

'Phese facts just described may be very easily tested experi- 
menlally by means of the apparatns .shown in Rig, 56 slightly 
modified. Remove the lower plate CD and the ebonite rods 
and insulate the plate /’. 'I'he latter may be done by attaching 
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ail elioniU' hloi’k to (lu* iiiuU'r sitU* of /’ inln wliidi the rod S 
fils. 'J'luni conned /’ to the liattery ami nse .Hi anti P as the 
two plates between whieli the ioni/atitni oeeni's. Place these 
plates about 4 cm. apart ami, nsiiiK*' n thin layer of uranium 
placed on the. plate /’, measure the satnratitin current at dif¬ 
ferent pressures fiMin an atnutsphere dtsssusvanls. Repeat this 
when the plates are at shorter ili.stances apart. Plot the curve.s 
on the same scale, showiiij;- the relation between eurrent and 
pressure in each ctise and make comparisons. Repeat this for 
the dilTercnt available fj;'asc.s. 

If the fi rays are used as the ioni/inj( af^emt the ionizatuni 
produced will be much more nearly proportional to the pressure 
on account of their j^-reater penetrability. 

105. Relation Between Current and Distance Between the 
Plates.—~IL was shown (§5t»), in studying Ki'intgen rays, that 
if a beam of RdnUgeu rays passed between two pandlel plates 
.so as to produce uniform imiizalion between them and the 
saturation current measured for ditTerent tlistanees apart of 
the plates the current was proportional to the distance between 
them. The same is true for the a rays from radio aetive bodies 
if the ionization is uniform. The ah.sorption of the latter type 

of rays, however, produces in 



this comieetiou a similar result 
to that described in the last para¬ 
graph. A.s the distance between 
the plates iuerease.s the ah.sorp- 
tiun increases and consequently 
tlie ionization does not ri.se as 
quickly as it would if the rays 
could penetrate the whole dis¬ 
tance without .sutTcring any ali- 
sorption. If there were no ah- 


Fig. 58. sorption the ionization would 


increase in profxirtton to the 
distance between the plates. Since the absorption is greater 
at higher pressures this deviation from direct jiroportionalily 
is more marked at the higher pressure.^ than at the lower ones. 
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This ciTcct is wdl ilhistraU'd by a set of curves, which are 
due to Rullierfonl, sliown in b'i^?. 58. At the lower pressures 
the current is much more nearly proportional to the distance 
than at the higher pressures. These effects may be verified 
experinietilally by use of the same apparatus used in the 
experiments of the last paragraph. Keeping the pressure 
fixed, measurt' the current for different distances between the 
plates from 2 or 3 cm. downwards and plot a curve showing 
the relation liclwecn current and distance between the plates. 
Oldain similar curves for several different pressures. Repeat 
these exiicrimenl.s also in different gases and reducing the 
observations to the same scale compare them. 

if the ft rays are used as ionir.ers, since they are much more 
penetrating than the a rays, the absorption will play a much 
less imiiorlanl p.art and the eniTeiil due to the jS rays will be 
much more approximately proptirtional to the distance. 
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SOMK SPI'.CIAL PROlMvR'ni'.S AND (’()NSTAN'I'S 
Ol' Till'. RAYS. 

io6. Electric Charge Carried by /I Rays. Till' luagiu't ii* ;uul 
electroslalic dclk'otion of bolh lUo a autl [i rays show that 
these rays nuisl consist of ehnrgetl part ides travelling with 
high velocity. The dircclioii of dellectioii shows in eacli case 
the .sign of the charge carried. If these rays then carry a 
charge, and they be allowed to fall npoii an insulated metal 
plate the plate ought to receive a charge. A practical ililViculty 
immediately arises in trying to demonstrate this experimen¬ 
tally, for the gas surrounding llie plate becomes ioni/.ed by the 
rays and conducts the charge away from the plate as fast as 
it i.s received and therefore no resultant charge remains to be 
observed. This didiculty may be overcome in the case of the 
rays by a special method used by M. and Mtue. furie. 

In this exiierimcnt a heavy metal plate . IH (bdg. 50) was 
connected to an electrometer by a wire This jdale and wire 



Fui. §t). 


were completely surrounded by an insulating substance, either 
ebonite or paraffin. This iircvented the air from coming in 
contact with the plate and discharging it. 'I'lii.s insulation was 
surrounded by a metal covering eonnected to earth. On the 
lower side the insulation and metal covering were very thin 
to allow the rays to pass through without mnch ahsorjjtion. 
The metal was aluminium foil .oi mm. thick and the chonile 
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was ,3 nim, lliick. I'he radio-active material R was contained 
in a lu)llow cut in a heavy lead hloek, d'he rays were suffi¬ 
cientlyto pass ihrouf^di the coverin^^^ and, falling 
u])on the ])late .IH, gave \\\) their charge to it. 'The elec¬ 
trometer indicated that . tH received a negative charge. This 
charge was sinah, hnt could he measured hy a sensitive elec¬ 
trometer. 'I'lic charge must hav(‘ been directly communicated 
to the plate hy the rays, for no ioni/.ed gas could come in 
contact with the ])late. P'rom other enusiderations Rutherford 
has made a determination of the JUimher of [j particles emitted 
per second hy one gram of radium bromide and has found it 
to he 4 X 

107. Radium Clock.”~v\ very .sim])le and ingeniou.s 
method of demonstrating experimentally that the ft rays carry 
a negative charge has heeti devised hy Strutt, which, on account 
of its periodic and automatic motions, is often called the 
“ radium clock.” Since the ft rays carry a negative charge, 
they ought to leave the radium or the substance from which 
they come juisitively charged. Wlien the radium is exposed 
to the air this fact cannot he ohserved, 
for the itnd/'.ed air tlischarges the radium 
as soon as it is charged, and besides that 
the positively charged a particles are 
also emitted Hiundtanetmsly with the ft 
jsarticles, and they would leave the ra¬ 
dium negatively charged and thus tenel 
to counterhalance the elTecl of the ft rays. 

In Strutt's apparatus, which is shown in 
h'ig. Tk), these experimental dilficulties 
are overcojue. A sealed tube 7 ' contains 
.some radium which is \n metallic contact 
with two gold leaves /. and A. Q is an lOo. 60. 

in.sulating quartz rod. Hie tube T i.s 
made thick enough to completely absorb all the a rays but 
allovv.s the ft rays to jniss through, and therefore the a rays 
with their positive charge do not escajie from the .system. This 
whole sy.stetn i.s enclo.sed in a large glas.s tube coated on the 
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inside with tinfoil connected tc’) earth to prevent the charging 
np of the case, '(’he air is pumped out as conipUdely as pos¬ 
sible to prevent conduction ilinmgh the gas. so that any charge 
accpiired by the central system may not he lost by comluetion. 
As the /? rays carrying the negative ehargf h-ave the tulie the 
insulated system connected with the radiimi beenmes ixtsitivcly 
charged and the gold k'avcs div<’rge. 'I'wo metal [dales, P and 
P, connected to earth, are placed so that wlu'n the leaves rc'ach 
a given distance apart they touch the plates and lose their 
charge and collaj^se, h\\{ they immediately begin to charge up 
again. This arrangement will work automatically at a prac¬ 
tically constant rale, deiicnding upon the activity of the raditun, 
for a number of years, h'rom other evidence whic-h will be 
deduced later we have reason to believe that this r:ile wouhl 
change after a very large number of years, due to the diminu¬ 
tion in the number of fi [airlicles emittetl. 

io8. Electric Charge Carried by n Rays. 'The method of 
§ to6 cannot be satisfactorily applied to the a rays on aeenunt 
of their very weak [lenelratiug power. .Any covering which 
could satisfactorily he used as a shield wouhl absorb the a rays 
l)eforc they reached the [dale /IA. 

Recently Rutherford and (leiger have devised a very novel 
and ingenious method for iu)t tJtily mea'^uring the charge car¬ 
ried by the a particle, hut actually coumiug the number of a 
particles emitted by radio-active bodies. 'The method used Isy 
them rcqnire.s very careful mani|mlalion ami is attended by 
some experimental difTiculties which have to he overcome hut 
cannot he given in detail here. The hdlowing is the getieral 
principle of their method. 

The amount of ionization [wcHluced by a single a [iarliele is 
very small and would be very diflicull It) measure exee[)t by an 
exceedingly sensitive ap[)aralus. The ionization tmrrent [iro- 
duced by a single a particle wa.s magnified by a s[)ecial method 
depending on the principle of the [u-tHluctitm of ions by ccdli- 
sion (§67). The a particles were allowed to [)a.ss through a 
very small opening into a detecting vessel containing ga.s at a 
low pressure in which an electric field was established very 
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nearly cciiial Ig the value recinirccl to produce a spark. When 
an a particle cnter.s this stroufjf ficdcl the velocity of any ions 
produced is so increased hy the jiowerful field that more ions 
arc produced by collision and therefore the ionizing effect 
of the a particle is greatly magnified, The entrance of an 
a particle is therefore marked hy a sudden throw of the 
clcetroincter needle due to this sudden production of ion.s, lly 
careful adjustment of the electric field, etc., they were able to 
detect the entrance of a single particle atid therefore to actually 
count the nuiuber entering in a given time by noting the mim- 
ber of throws of llu> nt'edle. lly this method they determined 
that the total number of n particles expelled per second from 
one gram of radium in e(|tulibriiun is 1.36 X H)’h 

In this connection (hey also ob.served by the eye the number 
of scintillations produced when the a jiarticles fell upon a 
pho.spliore.srent .screen of zinc sulphide, dlie number of .scin¬ 
tillations was found to be the same as (he miin!)er of imping¬ 
ing a i)article.s counted by the electrical inelliotb So the a par- 
ticle.s may be counted by either the electrical or scintillation 
incthocl. 

These (‘xperiments t)n the a particle.s mark a wonderful 
advance in modern experimental metluuls, and are e.specially 
nolevvortby as this is the first instance in which a single isti- 
latcd atom of matter lias been independently detceted and 
mca.snred in any way. 'rids is po.ssible, of course, simply on 
account of the great energy possessed by the a particle. Wc 
.shall .see later that the a particle i.s really an atom of helium 
carrying a charge, and therefore a .single atom may be isolated 
by this method. 

During ibi.s series of experiment.s on the a particles the 
charge carried hy each particle was experimentally determined. 
Since the mmiber of nt particles emitted per second by a known 
quantity of radium is known, (he charge carried by each one 
may easily he found if the total charge carried by the known 
number of particles be measured. This quantity was measured 
and it was fouiul that each a fiartick* carried a po.sitive charge 
of 9,3 X electrostatic units. 
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lOQ. Velocity and Value of <• nt for /I Rays. 'I'lu' dovia- 
lulity of tlu' /•? rays liy a mn.rjiu’iii’ ata! an i-h’K(rostalio Held 
niakt's it possible’ to experiinontally doti’i’niinc ihc vrlooity of 
tlu'sc i)artick's and tlu’ ratio of ilu’ rliari^c to tho mass by a 
nu’tbod similar in prinripU* ti> that imod for tin* sanu’ purpose 
for catbodc rays tU’Si'ribt’d in Ib’lapu’i'fl nstal this prin¬ 

ciple and allowed a narrow bi’ani of rays to fall upon a photo- 
ftfraphie plate and observed the deviation pi’odueed by known 
magnetic and eU'Ctrostatic Helds. I U* fonml tbe average veloc¬ 
ity to be about m'" cm. per second. ‘I'lie velocity of 

cathode rays we have .seen is J.H'« 10” cm. per second 

so tbe velocity of the /i rays is considerably greater than that 
of the cathode rays. 

As we have previ(Uisly noted the /f I'ays from radium .are 
complex. This was shown in Heetinerers esperiitients by the 
fact that .some of tbe rays are Isent more than others by the 
same field, lie fouml that the veloeities varied from about 
to j.HXio"' cm. per second, 'riie latter veloeity 
approaches very nearly the velocity of light, winch is 3 \ 10"' 
cm. per second. 

Ibsing the .same rays, which had a veloeilv of i.f>X 10"' 
cm. per second, Heecpierel determined the value of e m and 
found it to he 10’. 'This does not dill'er much from the value 
found by j. J. 'rhoni.son (§3(0 for the eathoclc ray particle 
which indicates that the (i particle is similar to the cathtule 
ray particle carrying the same charge and of about the 
same mass. 

Tins comidexity of the /i rays with reg.nrd to velocity U'd 
Kanfmaim to examine whether the value of c in for these 
ray.s varied with the s])eed. lie showed experimentally that 
the value of c/in decrea.scd wlum the speed increased. If we 
, make a most prohahle assumption tl\at the charge oi\ the fi 
particle is constant the mass then appears to increase with the 
increase of velocity. It has been demonstrated from purely 
theoretical considerations by several mathematical phy.sici.sls 
that the apparent ma.s.s of a moving electron is due. either 
wholly or in part, to the electric charge in motion, that is, 
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when an electric charge is in motion it appears to possess wliat 
TOrresponds to inertia due to the fact of its being in motion. 
Ihis apparent inertia, according to this view, is not due to 
material mass as we are accustomed to conceive of it tmt h a 
diiect result of the motion of the electric charge. These 
retical considerations further show that this apparent ma^s, 
which appears to be electrical in origin, increases with the 
speed of the moving charge. The experimental results of 
Kaufmann appear to confirm the theoretical view that the 
mass of the electron is due, wholly or in part, to the fact that 
the electric charge is in motion. 

no. Velocity and Value of e/m for a Rays.~The deter¬ 
mination of the velocity of projection of the a particles an*! 
the ratio of their charge to their mass is much more difficult 
experimentally than the corresponding determination for the 
/3 particles on account of the comparatively small deflection 
produced by even quite powerful electrostatic and magnetic 
fields and very special methods have to be used. Several deter¬ 
minations of these values have been made, but the most recent 
and accurate determinations have been made by Rutherford 
who used the following method. 

It is important that as homogeneous and as active a source of 
rays as possible be used for this purpose. Radium, for reasons 
which will be explained later, although strongly active, gives 
out a complex set of a rays. Rutherford therefore used as 
his source of rays a very active deposit of radium C on a thin 
wire about 0.5 mm. in diameter. (The explanation of and 
method of depositing radium C will he given in Chapter XIV.) 
This source of rays possesses several advantages. The rays 
are homogeneous in character; they suffer ik> absorption by 
the active material, as the layer of active material on the wire 
is so extremely thin; also the source is very small and sharply 
defined as the deposit can be made on a very thin wire. 

The apparatus used in the case of the magnetic deflection 
is shown in Fig. 61. The wire with the active material on it 
was placed in a groove jV at a distance of 2 cm. below a narrow 
slit 5 . The rays passed through this slit and then fell upon 
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a small pl\otoKJ‘:ipl'n' which was stipportnl at a fixed 

distance (sf some 4 or 5 cm. almve the slit, ( )ver the whole 
system a brass liihe 7 ' was placed foau which thi* air ennld 
be rapidly exhausted. 'The removal of the :dr is itnportai\t as it 
lessened the ahstu'jiliou td' the ra\s which arc so i-asil\ ahsurhed, 
and there hire ^p'eally increased the intensity 
at the photo|4raphic plate. lU-sides this the 
diminishing of the ahsorption allows the. 
plate to he placed farther from the sonree 
si> that a larger movement of the photo¬ 
graphic impresNion is produced. 'I'his lube 
and enclosed system was placed hetw'eei\ the 
reclatignlar ]ioles of a vm’v powerful 
magnet so that the nuiform magnetic field 
exlendetl from a distance td' t cm. helmv the 
slit to the (op id’ the tube /'. ‘riie magnetic 
field was applied for a given time in one iliret'tion and then re¬ 
versed so as to defied the rays in (he opposite direction. 'The 
field was thus reversed every ten miimtes for a period of about 
one hour. 'This was done so that the distance hetween the 
photographic impressions oti the plate wonhl he tlmihle ttf wdiat 
the distance would he if the field were applied in only one dii’ec- 
lion. The slretigth of magnelie fiehl iisetl was ahont dd7‘> 
e.G.S. units, and this would produce a separatitui hetween the 
bands of 4.7 mm. when the photographie plate was 4 eni. 
from the slit. 

The path of the delledetl beam of rays eon.slitntes a curve 
whose radius of curvature may he easily ealenlaled from the 
known dimensions. 

Let 2f = thc distance hetween the centres of die hands on 
the photographic plate, 

fi —the distance between the plate /’ ami the slit .V, 
ra=:thc distance of the slit ,V above the heginning of 
the magnetic field, 

Then since the curvature is small the radius of curvature p is 
given by the equation 



2p X r SB (r, + 
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r, 

therefore P =® (^'1 + >'»)• 

It has been previously shown (§36) Unit when a charfced 
body of mass vt and earryiuK' rhaixc c is in motion with a 
velocily 7' in a niai^uuiie held cif siren^dh II the radius of 
curvature of (he path is p;iven hy the et|uali{sn ///> niv/c. 
The value's of II and fi are determined and therefore i!n</e 
is known. 

'The apparatus used foi- the eleetrostatie delleetion f)f the 
rays is shown in h’ij^. 62. A 
similar soiiree of radiation 
was placed in a groove at If'', 

7'wo insulated parallel plates 
// and If ahont .j em. high uml 
o.2r nun. apart formed a very 
narrow slit for the ray.s to 
pass through. After passing 
through this narrow slit the 
rays fell upon a photographic 
plate /’. 'I’he whole was en 
closed hy the* brass tube M 
which could he (pnekly ex¬ 
hausted. ‘The tletlecting p«itential was ap[ilied between the 
plate.s J and If, the former being in metallic contact with 
the enclosing vessel while (he latter was insulated from it 
'Fhi.s denecting jioteutial was applied first in one direction 
and then in the other at intervals so that a doulde delleetion 
of the ray.s was the result, 

7 'Iie iimthematieai deiuonstrntiou of the theory of this experi¬ 
ment is .somewlial lengthy ami more eomjdiealed that in the 
ca.se of the magnetic detleetion. and eon.setpieiUly will not be 
given in {letail here. If desired it may l>e found in the original 
paiHT* hy Rutherford. If the height of .Ilf is /j,, the tlislance 
from the top of If to the plate f* h h-,,, the distance between the 
plates is d, the distance between the extreme edges of the 
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photographic hands for a reversal of the electric field is 
and the dellecting potential J"' then, from the theory under 
pn^per conditions, the following e(|uatiou is true, namely, 

})iv“ 8 I 7i.~ 

which gives the value of ;//?/-/<’. (onihining this value with 
the value of iii 7 ’/i' obtained from the magnelic deflection the 
value of and of are delennined. 'I'he latest results ob¬ 
tained by Rutherford and other experimenters show that the 
value of c/iii is the same for the a rays I'lnitted by the various 
radio-active substances and is eciual to 5Xi(f’ in electro¬ 
magnetic units. 

Although this quantity is constant the velocity of expulsion 
of the a particles is not the same for all substances. It is 
found to vary from al)oul 1.5(1 X 10" to 2.25 x 10" cm. ])er 
second under dilTerent circumstances, 

■ III. Mass and Nature of the a Particle. ■'These results 
along with others enalile us to obtain a more deliuite idea of 
the mass of the a particle and consetiucntly of its true nature. 
The value of Il/M for the. atom of hydrogen lilieraled in the 
electrolysis of water is in round numbers uv' electromagnetic 
units. The charge li carried by the hydrogen atom is believed 
to be the smallest fuudamenttd charge carried by any existing 
particle of matter so that the charge carried by any body must 
be an integral multiple of II. The charge carried liy a hydro¬ 
gen ion is ec(ual to the chargi' carried by a gaseous ion, 
which was found (§81) to be 3.4 X to'" electrostatic units. 
Rutherford has recently shown however that certain experi¬ 
mental errors in the determination of this charge carried by 
the gaseous ion tend to make this value too small and it is 
most probably in the neighborluKul of about .pd X to"'". Wc 
have also seen (§ loK) that the charge carried by the a i)articlc 
is equal to ().3 X lo"'" electrostatic units. U follows then from 
this that the a i)articlG carries twice the charge carried by the 
hydrogen atom. This being so it follows, since E/M = iq* 
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and e/m for the a piiriicic is ecpul to 5 x io'‘ and c 2li, 
that the muss <■)£ the a purtiele must 1)C fonr times the mass of 
the hydrogen atom and therefore must lie atomic in size. Now 
the atomic mass of helium is in terms of hydrogen, 'riiiis 
we see that the n particle is atoniie in size and of the order 
of the helium atom, aud therefore must take its place among the 
elements. I’ut since there does not seem to he any place ac¬ 
cording to the periodic, law among the elements for a new one 
in that part of the series the most prohahle hypothesis is that 
the a particle, is an atom of helium carrying twice the cliarge 
of a hydrogen at(jm. 'riie a particle when its charge is neu¬ 
tralized hecomes an ordinary uncharged helium atom, ''fliis 
theory is further sn])portt'd hy the fact that helium is very 
commonly found along with old radio-active minerals. 

112. Energy of the a Particle.- -Since the a jiarticle is 
atomic in size and is travelling with high speed it must ])ossess 
considerable kinetic energy. It will he of interest to calculate 
this’energy, which may he easily done by means of the results 
just obtained. The kinetic, energy of a mass di moving with 
a velocity 7 ! is etinal to fneu- },iii/c ■ t- ■ e. 'I'he value of 
m/c is 1/(5 X i(v') electnunagnetic units. ''I'he average value 
of z) is ])ractically 2 x 10" cm. per sec. I'he charge c is 


0.3 X 10 electrostatic units which eiiualselectro- 
^ o 3 X 10"’ 

magnetic units, which e([uals 3 .T X lo'-". .Supplying the.se 

valuc.s in the above expression we have the average kinetic 

energy of each moving a tiarticle ecpial to 


I'c, X ^ ^ 12-4 X 10 -'’ergs. 

113. Nature of the y Rays.—'l'ho y rays diller very es.sen- 
tially from the a and rays. 'I'hey are, as we have seen, 
extremely iienetrating compared with the other two type.s. 
Very active radium bromide emits y rays which can be detected 
after passing througli as much as 30 cm. of iron. There is a 
still greater essential dilTerence in the fact that no one ha.s as 
yet succeeded in deviating the y rays by either a magnetic or 
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electric field. They do not appear to carry any electric charge 
at all. It has cousetpiendy heeii very difficiilt to determine 
the real nature of the y rays hy direct ex.periment. 'I'heir great 
penetrating power and non-deviahilily show a strong rcscni- 
hlauce to very hard Kfintgen rays. ‘Fwo rival theories as to 
the nature of y rays have been pul forward, each of which 
has a considerable amount of ex|)erimeulal evidence in its 
favor, ])ut up to the present lU'ither has l)een thoroughly 
established. 

We know that Urmtgen rays are produced by the sudden 
stopping of a moving electron, and it is reasonahle to suppose 
that they would be product'd b)' the sudden starting of an 
electron into rapitl motion. Now experiment has shown that 
y rays always occur in conjunction with rapidly moving fi 
particles which we know are electrons. It is therefore reason¬ 
able to suppose that the y rays are electromagnetic ])ulses simi¬ 
lar to Rdntgen rays produced by the sudden expulsion of the 
^ particles, or electrons, from the radio active snhstanc.e. This 
theory has a large amount of evidmice both of a theoretical 
and c.x]K‘rimental nature to support it. 

Another theory has recently been advanced by Bragg to the 
elTcct that these rays, instead of being of the nature of a 
vibration, are of a material nature. 1 Ic' suggests that they 
consist of neutral pairs of jmsilively and negatively charged 
particles. Their neutral nature would account for the non¬ 
deviability by a magnetic or electric field. lie has also de¬ 
duced considerable experimental t)roof in favor of this theory. 
Although the balance of proof at i)resent seems to be in favor 
of the electromagnetic pulse theory, yet neither theory has been 
satisfactorily proved or disproved and further experimental 
data arc required on, this subject. 
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URANIUM X, 'I’lIORlUM X, AlU'INlUM X. 

114. Discovery of Uranium X and Thorium X. In llic year 
1900 Sir William (iroohe.s .Klunvetl that by a .siin])lu chemical 
proce.ss be could se])ani(e from iiraiiinm a coiisUluent which 
was many limes more ac(ive pbolofirapliically than the ura- 
ninni from which it was separated. In addition, the separa¬ 
tion of Ibis coiistitnent left llu' nraniuin phol(i^-ra[)hically in¬ 
active. 'j'bis new and unknown substance he called uranium 
X, or Ur. X. Ileccinert'l obtaiiu'il similar results, usiiif^’ a 
slightly dilTerent cbeinical process, and in addition he discov¬ 
ered the curious fact on testing’ some months biter the uranium 
X and the uranium from which it had btHMi separated that the 
uranium bad conipUdely recovered its usual amount of activity 
while the Ur. ,X had entirely lost its activity. Rutherford and 
Soddy later succeeded in performiufjc a similar chemical opera¬ 
tion on thorium, se])aratiug' a very active constituent which 
they called thorium X, or 'I'h. X, and which acted in a manner 
very similar to I Ir. X. We will now study lhe.se actions a little 
more in detail. 

115. Chemical Separation of Ur. X. Dissolve a few grams 
of uranium nitrate in water and then add just sufficient am¬ 
monium carhonate. to iirecipitate the uranium from the solution. 
This ])reci])ilate contains the uranium X as well as the uranium. 
If an excess of the ammonium carhonate he added the uranium 
will he. retlis.solved. hut the uranium X will not he. dis.solvcd and 
will be left behind as an insolnhle preeijiitate. .Separate this 
insoluble j)recij)ilate from the solution and dry it. Also evapo¬ 
rate the dissolved uranium solution to dryness. The Ur. X 
and uranium residue are now entirely se])arated. 

116. Activity of Uranium and Ur. X. -Using a .small testing 
vessel of the form .shown in I'ig. 50 test the uranium residue 
in the usual manner for a ray and A ray activity separately. 

1K3 
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It will be found that the uranium residue has entirely lost its 

ray activity l)ut that its a ray activity is uudiuiinishod. Test 
in the same way the uranium X precipitate and observe that it 
emits no a rays at all but gives out a strong radiation. If 
these two precipitates be tested photographically it will be 
found that the radiations from Ur. X will produce a strong 
impression on a iduilograidiic jdale, but that the. uranium resi¬ 
due. is practically inactive photographically. 

These results funii.sh an excellent illustration of the differ¬ 
ence between the electrical and photographic methods of test¬ 
ing radio-active iKxlies. Tested electrically the uranium res¬ 
idue is (|uite active because it gives out only a rays which arc 
strong ioni/.ers, while the Ur. K i.s practically inactive, as it 
gives off only rays, which are very weak ioni^'ers. Tested 
photographically the opposite result is obtained, namely, that 
the uranium residue is practically inactive, because the a rays 
which it emits produce very little photographic effect, while the 
Ur. X is very active because the ^ rays arc strongly active 
pliotograpbically. Urcat care must therefore be observed in 
comparing measurements made by the two different methods, 
to avoid confusion, for the (wo methods, as we see, give in 
some ca.ses entirely opposite re.snlts. 

117. Change in Activity of Uranium and Ur. X.—Starling 
immediately after the chemical separation of nranliim and Ur. 
X test, by the electrical method, both substances for both 
a and ^ ray activity separately and repeal these tests at inter¬ 
vals of about once a day for a period of from 75 too days, 
or even longer if lime will permit. The curious fact will be 
observed that the a ray activity of the uranium residue will 
remain constant, but the ray activity gradually increases with 
the time and finally reaches a maximum and then remains con¬ 
stant. The ^ ray activity may, of course, be measured sepa¬ 
rately by cutting off the a rays in the usual nianner. Tt takes 
it a little over five months to reach this nuixiimtiu. The /? ray 
activity of the Ur. X, on the other hand, gradually decreases 
with the time, and not only so but decreases at exacll the .same 
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Plot a curve in each ease slunviiig the relation between the. time 
and the ray activity as measured by the iouizatiou current. 
Two such curves, due to ivutherford and Soddy, representing^ 
this decay and recovery of activity are shown in 63, in 
which the ordinates re|iresent the activity as measured by the 
ionization current, while the abscissa', represent the lime in 



days after chemical separation, d'hesecurve.s represent in both 
cases the activity as measureil by the /i rays. It will be ob¬ 
served that the lime re<[uired for the activity in the one ra.se 
to rise to half its maxinmm value i.s ecpial to the time rc(|uired 
in the other to fall to half il.s maximum value and that this 
period is ccpial to 22 days. 

118. Thorium and Th. X.—Alakc a dilute .solution of thor¬ 
ium nitrate in water. 'Then add suflicient ammonia to precipi¬ 
tate the thorium as thorium hydroxide. Separate the precipi¬ 
tate and carefully dry it. Also evaporate the filtrate to dryne.s.s 
and remove the ammonium .salt.s from the re.sidue by ignition. 
The remainder will consist of a very active substance many 
times more active weight for weight than the thorinm .salt 
which was first di.ssolvcd. This active con.sliiucnt ha.s been 
named thorium X, or Th. X, from analogy with uranium X. 
Test in the u.snal way, as .soon after jireiiaration as pcjssihle, 
the activity of the precipitated thorium hydroxide and also of 
the Th. X, and repeat the test.s at intervals tif about three 
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times a day for a period of about twelve or fourteen days. 
Observe that the ])reeipitated thorium has lost a large propor¬ 
tion of its original activity which it had before solution, 
although it has not li>st all its activity. On being tested at 
intervals, this activity at first decreases for a .short time and 
then begins to rise again and continues to rise until it reaches 
a maxiniuiu, when it remains constant. Test also simulta¬ 
neously the activity of the thorium X at intervals and observe 
that at first it increases for a short time ;ind then begins to 
decrease and continues to decrease until it Jinally di.sappcars. 
Plot a curve in each case, .showing (he relation between activity 
and time after chemical separation. With the exception of the 
initial irregularity, which will be accounted for in a later chap¬ 
ter, the curves obtained should be very similar to those obtained 
in the case of uranium and Ur. X. Note .also that the thorium 
recovers its activity at practicadly (he same rate as the activity 
of the Th. X decays. 'I'he time reiiuired for (he activity of the 
thorium to reach half its maximum will be. seen to be only 
about four days, while tbe'same time is retpdred for the activity 
of the Th. X to decay to b.alf its maximum v.altie. 

119. Actinium and Act. X. 1 f a solution of an adiuiiim .salt 
he made and treated with ammonia in just the same manner as 
the thorium, a very active constituent will be obtained showing 
properties very similar to those of 'i'b. X, 'I'lus substance has 
been named actiniimi X, or Act. X. from analogy. If a ((uantity 
of the so-callcd cmaniimi, which is the same as actinium, is 
available, make a sedution of it and treat it in the same way 
as the thorium was treated, d'est (lie activity of the ])recipitatc 
and the evaporated residue or Act. .X at intervals of once or 
twice a (lay for a iicriod of forty or fifty days and ob.servc the 
recovery of activity of the precipitate and the decay of the 
activity of the. Act, X and plot curves for them as before. 
Curves of a shape almost exactly similar to those obtained for 
thorium should result from the tests. 'I'he time re([nired fur 
the actinium to regain half its maximum activity and also for 
the activity of Act. X to decay to half of its maximum value 
will be found to he about tc'ii days. 
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120. Theory of Successive Changes. 'I'ln-sc results iiulicale 
that some process must he eonlinnully going on in these snh- 
stances unaided hy any outside agencies. Since the Ur. X, 
for instance, which gives out rays can !)e separated from the 
normal uranium, le:iving it devoid of /i rays, therefore the 
/? rays must arise from tlu' I h'. X, and since the uranium regains 
the ^ ray activity after ])eing deprived of Ur. X. more Ur. X 
must he forimsl in the uraiunm compound to give rise to the 
j 3 rays. 'I'his can easily he .shown to he time, for after the 
uraniinu residue' has recovered its activity Ur. can lie sepa¬ 
rated a second time fnmi the compound and the action will he 
repeated, 'i'his separation may he repeated as often as desired 
after recoveiy, showing a continuous production, in addition 
the activity of the Ur. .\ is not permanent, hut gradually dies 
away. Also we know that the A I'uy activity of normal ur;ui- 
itiin, which contains Ur, X from which the /f rays arise, 
does not change, consetiiiently there must he a state i)f eiiui- 
lihrium in normal uranium in which fresh Ur. X is being 
formed at tiu' .same rate as it dies away in order that the total 
resultant activit^v may remain e(instant. 'Phis is home nut hy 
the fact that when the Ur. is isolated from the normal com¬ 
pound llie rate of decay of the sejiarated Ur. X is equal to the 
rate of recovery of the uranium from which it wa.s .se(>aralod. 
hi order to maintain this e{|uilihrium state these processes 
must therefore he going on contiiiuonsly at a constant rate, and 
since outside agencies do not alTect lliese processes llic cau.se 
of the action must arise within the suhslanee.s lliemsedves. 

If the decay curve for Ur. X he .studied it will he oh.served 
from the form of the curve that the uclivily decays according 
to an exponential law. If /(, represent the initial activity 
immediately after separation and It the activity after a time t, 
then it will he fouiid that It Ai« where e i.s the natural 
base of logarithms and A. a eonstant (|uaulity. Similarly the 
curve re])resen1ing the recovery of activity hy the uranium 
from whieli the Ur. X has been separated can be represented 
by the etinalion It where /o repre.sents the 

activity when the maximum is reached and It is the activity 
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only a few seconds to complete while others extend over a 
period of several hinidred years. 'The time taken hy any one 
of these chani^n’s to he haij' conipleled is desif^maled the period 
of that transformation or chanj^e. 'Pin- reason for callinjj^ half 
the time of a completi' transfornialioii the period instead t)f 
the whole time i.s that it is nsmdly much more convenient to 
determine e.xperimentally when the ehantfc is half conijtleted 
than when it is fully ctimph'tis], for dnriiijjf the latter part of 
the transformation tlu' rale is usually nmch slower than in the 
earlier stajJi'es, as will he ohsei'ved from (he curves alrc-ady 
studied. As this rate of ch;mK(' in the later sla^'es is often 
so slow it is sometimes dinicnll to determine the exact time 
when it is just completed, hut this dit'licnlty is not so likely 
to occur in detmanininpc when the transformation is half conn 
pletcd. 'Phis theory is called the theory of successive chanj^es, 
and the dilTerent ])rodnc(s into which each one is j^radnally 
transformed are called transformation products. 
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121. Discovery of Thorium Emanation. 'I'ln* c-arly t'xpcri- 
mcntcrs on llie radiations cinittiMl hy llittrinni ooinpoitnds 
observed a marked dilTeveiice between lliorinin and nraninin, 
namely, that while the radiations fn)ni nraninin were very con¬ 
stant those produceil from thorium ci impounds were very 
irregular, and anything like constant results could not he. 
obtained from them. 'I'liis want of constancy was finally 
traced to the presence of air currents. If the thorium com- 
pound was placed in a closed vi'sscd free from air enrrents 
the ionization, although for a few minutes at lir.st wa.s some¬ 
what irregular, sikui became steaily and would remain so, hut 
if a current of air were pa.s.sed through tlie vessel llie ioniza¬ 
tion would he greatly reduced. If tlu* iotn/alion were tested 
in an open vessel where it was .sidgei’l tn air eiii-renls the 
ionization would he (luile unsteady, d'his irregularity was very 
thoroughly investigated hy Rutln-rford and he finmd that it wa.s 
due to the continuous eini.ssion of .some sort of railio active par- 
ticICvS from the thorium compounds. 'To the‘.e particles the 
name emanation wa.s given. This emanation is not like the 
radiations which we have already considered, hut it acts in all 
respects like an ordinary gas, which itself emits rav.s of (lie 
.same, type as we have been .studying. It thu's not itsidf eon- 
sist of ions nor chargetl particles of any sort, hut has (In- power 
of producing ions in the gas with whieh il is mixed hy mean.s 
of the rays which it emits. 

122. Some Properties of Thorium Emanation. .Rome of the 
fundamental properties of the emanation may he Investigated 
hy means of the apparatus .shown in lug. fq. (' is a glass or 
metal tube about 8 or lo cm. long and 3 or 4 em. in tliameter 
Close the cnd.s with rubber stoppers through whieh j la^s siiK iller 
glass or metal tubes a.s .shown. Tn the lower jmrt «.f place 
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a shallow lro^j^ll i'on(aininf( a tiuanlily «»f lliorimn oxidr, /' 7 / 
is a k'.sliiiK vessel e(ne.i'-tin|.; of a Ina^s eylindiw aliout 30 ein. 
long and k ein. in dianieler. A is a ca-nlral insulated cdeetrodc 
consisliiig of a brass rotl .ni etu. lon|' and eoniu'cled (o an 
electronieler. Insulate llu' e\ Under /•'// atsd i*oiuu-et it In a 
hatlei'v in the usual manner, t‘oiineel the e\l(nders /’// am! 



lot., h.f. 


hy a gla.ss nr nietal tnlu* a few eentimeter.H long hidwtaai the 
points !> ami }i. Pass a *dow current of air from a gasometer 
through a wash hottle A ismtaining Milphinie aei«! to(lrvif,and 
a tightly puekial ]»!ug of eolfou wotil in a glass l>nlh H lt» remove 
dust and spray, and thence tlirough ilie rest of the .system. 

As soon as the em rent of air is starieil test the ionisation 
eurrent in the vi'ss«d /-//, In all these niea-airements on (he 
ioiuVation elTi-ets jif the emanations itse the steady tUdUrtimi 
method tif elect romeli-r measnr mieiil tlesriihetl itj §Hig If the 
eiirreiit of air i*. maintainetl steady the itmi/ation in /7/ will 
he fouml t<» itterease <luiing the (hst few minutes hut will stum 
reac'h a steady value and remaitj constant as long as the air 
current is muintained. Replace the isiln* between 1) at)d li by 
anolber one eontaining a f|nnn!ilv of glass wool ami refus'd the 
experiment. Note tb.at the ioju/aliiut in All is praetieally the 
.same as hefoia*. Again replaci' (lie luhe eontaining the glas.s 
wool hy a wash bottle cimlaining water, st» tliaf the current of 
air and eiiiamation will have to htthhle thrmigh the water on the 
way fi'tiiu (*lo /■//, ami agaiti test (he ionization in PII. PraC“ 
ticnlly the same vahte for the ionizatioji should he found 
he f tire. 
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Once inure rc'iiliicc the wash lioUle between P and It by an 
insulated metal tube I’o or 25 cm. lon^^ and 2 cm. in diameter, 
containiiif^ an insulated electrffde alon|^ tlu' axis of the lube 
similar to the one described in §.}^- b.^tablish a >tronf^ elec¬ 
tric field betwen this ebrlrode and (he tube and UKUiin repeat 
the ionization tests in I'lf. Note (bat (be ionization current in 
P'll remains practically the same as liefore. 

These experiments clearly .show that the p:aN in the tube C 
which is carried into /'// possesses some property in addition 
to being .simply ionized, for if we compare these experiments 
and their result.s with similar ones perfornu'd with uranium 
(§85) and with Rfintgen rays ''‘‘’'y essential 

difference is presented. In the ea'^e of the gas being merely 
ionized by Uonlgen rays or rays from uranium the ions were 
all removed by passing through wool or water ttr an tdeetric 
field and no ionization appeared in the testing vessel beyond, 
but in the present instance the intnnlnetii'n tif the glass wool 
or water or strong electric field produceil pruelitadly no eflect. 
It cannot therefore be. merely itms which are conveyed along 
with the air, for they would be removeil by these agents, but 
it must be something which is capable of protlncing ions after 
it reaches the vessel PH, 'fbe emanation mixed with (be air 
behaves just like an ordinary gas in passing tlnanigh glass 
wool or a liciuid at\d it is nth ebarged as ious are, ftu' it is 
unalTected on passing through an electric field. Many (dher 
experiments confirm thi.s gaseous nature of the enuiualiom 
123. Diffusion of Thorium Emanation through Solids. In 
a lead plate aljout fi mm. thick cut a shallow depression 2 or 3 
mm. deep and 6 cm. scpiare. lull this with thorium oxide and 
cover it with two nr three thicknesses of ordinary foolscap 
paper and carefully wax down the edges to (u-event any escape 
around the edges. Place this in a clo.sed te.sling ve.s.sel of the 
form shown in Fig. 50, wliich should he perfectly free from 
any air currents. Allow it to remain for ten minutes tir .so 
and then test the ionization current between the plates. The 
strong ionization produced cannot he due to tlu- (U’diuary a 
rays of the thorium, for they will be practically all ent off l)y 
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tlie ])aj)fr and thf ioniz.'ilinn will lu' fiuind imi slrtuif.^ to Ik* 
acconiitc'd for by tlu* }i or y ray'«, 'Hu* finanatitm must thcrt- 
fore (lilTnse Ihrmi^h the iiajuT and i(tni/f the |,;aH abnve it. 
Repeat ti’'^t, n^'inj.:;, ite4eatl ol painT, a '-lieiM nf alninin- 
iuni foil abmit .(ku I'ln. (liiek, < jnite a laif^e ipiaiililv nf tana 
nation will In* found to penelratt' eveti this fliiektiess, whieh 
would be MiH'H'ieiit In enl nil piai‘lieal!\ all the t ra\*- from 
thorium. ( ttber ^ 4 lb'tanl•eN in very thin dieeN siteh as eard 
boai'd, iniea, etta, inif.'h! abft be iritsb 'I'be tananation will be 
found ea])able <d’ dilhisin.e; tbinui^b a tintnbe!' of dilfriiatt '.nb 
stanees Just as an nidiuarv p.as wittd«{ do, 

124. Nature of Kadiations Emit led by Thorium Emana¬ 
tion. Siiiee the taiianalinii is ilislrilaileil tlirnui^hnut the ^as 
surrounding' the llmrinni ihe radiations eniiltial by llte tauauu' 
tion .arise fi'iiin .all ijoinls tbion|,'hnn! the volume of the gas. 
In order to eHamine the nalnre of these ratiiatitne. e\peri 
mentally speeial methods unet Ise u .ed in ni'dia' to ennihie the 
enuiuatioii within a deiiniie spare and to ioni/e a eietinite 
volnnu’ of .air fret* fmin flu* iinanation. 'This may In* dt»ne 
by the following mt'flmd due ttt Rntlierfnrd, 

.•in is a leatl box i big. f.q j about 15 em. s<|uare ;ittd t cm. 
deep. In the top of the box enl .1 bole .ibntil 7 em. s(p!are 
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and cover it with very thin mica not m»tre than ahtiul .(kh5 cm. 
lliick and carefully wax ilown the edges. Before closing the 
box w'rnp a (pianlity of thtninm oxitle in paper ami place it in 
the box in the position markeil '/* remide from the mica 
wimlnw, so that it may Ik* shicldet! by the lead and so that 
H 
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This curve follows an exponential law similar to the recovery 
curves for uranium and llmrinin and, nsintj^ (he usiird iiotalimi, 
may be expressed by the etpiation This 

curve and the decay curve for the emanation bear the same 
relation to each other that (he recovery curve of ihoriimi l)ears 
to the decay curve (T thorium X. 

What is the sif^'nilicance of this rise of activity? 'I'lie. 
thorium is continually emitlin^^' emanation, and when (he 
thorium is introduced into (he tes(in|4' vessel the amount of 
emanation gradually increases, as it is not allowed to escajie. 
from the vessel, if the eiiKination did not decay it would 
continue to increase inde(inilely, Ind since it decays with lime 
the increase continues until the amount prodiumd ptr second is 
equal to the amount which disa])iK'ars jier second, and there¬ 
fore the activity gradually rises until an ispnlihriuni state is 
reached and the activity then remains constant as long ;is a 
constant supply of enianalion is availahh*. 'Die period of ri.se 
of the activity, that is the time retiuired to rise to half its 
maximum value, is e((ual to the perilul of decay, namely, tifty- 
four seconds. 

127. Radium Emanation.- Not long aflei- the discovm'y of 
thorium emanation it was .sliown that radium eoinpouuds also 
give rise to an emanation possessing propeidies very similar 
to the thorium emanation. ()ne respi’ct in which these two 
emanations difTcr markedly from each other is in the rale of 
decay. The emanation from radium takes a much longer 
time to decay than that from thorium. Somewhat special 
methods must be u.sed in testing this decay of radium emana¬ 
tion, owing to the formation of vvhal is known as exeiltal 
activity, which will be. discussed in the following chapter. If 
a quantity of emanation were introduced into a testing vessel 
and allowed to remain and the activity measured Iiy the method 
used in the case of llu)rium this e.xcited activity which gives 
out radiations would be formed so (luickly tluit the result would 
be complicated. Tlie elTecl due Ui this excited activity may 
be eliminated by the following method. 

Radium chloride di.s.solved in water gives tdf much larger 
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(Itiantities of oinaiiation than in the solid state. Slowly bubble 
air tlirou^'b such a solnlion and collect the air mixed with 
enianalion in a /.>as Imlder over mercury. As .soon as the gas 
holder is hlled draw olV a inea.snred amount of this air mixed 
vvith enianalion in a gas pipette and introduce this meas¬ 
ured cpiantily into a testing vessel of a form similar to the 
one shown in I'hg. (i.p which must lie air-tight. M’ea.siirc imme¬ 
diately tlie ioni/ation current and then blow the air and emana¬ 
tion out of the vessel so that it may not remain in the vessel 
any length of lime. At intervals of twelve or fifteen hours for 
a ])eriod of about twenty-live or thirty days repeat this opera¬ 
tion, drawing off the same measured amount of air and emana¬ 
tion, introducing it into the testing ves.sel and measuring the 
current. I Mot the usual current-lime curve and note its simi¬ 
larity to tiu' eorresp«)nding curve for thorium emanation. In 
this instance, however, the period of decay is very much longer, 
being 3.75 days inslead of fifty-four .seconds, This difference 
in period vi'ry clearly diiTerenliales the.se two emanations, 
M'he aclivily of the radium emanation is due to the emission of 
a rays just as in the case of thorium emanation. 

128. Rise of Activity of Radium.--Di.ssolve a .small quan¬ 
tity of radium ehloride in water and bubble a current of air 
through the solution for a few hours, so as to remove the ema¬ 
nation from it. 'I'lieu evaporate the .solution to dryness and 
test the activity of the residue, 'fest this activity at intervals 
of twelve or fifteen hours and observe the gradual increase 
with lime, t'ontinue the.se tests over a period of about twenty 
or twenty five days and ])lol ihe usual eurrenl-timc curve, 
'i'liis curve should he found (o he complemenlary to the decay 
curve, as in the ease of Ihorinm and the rate of recovery of 
activity eeiual (o (he rate of decay of the emanation. Tlii.s, 
of course, is due to the gradual produclioii of emanation, which 
aeeumulates until an e(iuilihriiim .slnle is reached, when the 
rale of jiniduetion is eiiual to the rate of decay. 

129. Actinium Emanation.- Actinium compounds also give 
rise to an emanation possessing properties similar to the other 
emanations, 'fhe most distinguishing charactcri.stic of it is its 
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period of decay, which is extremely short and consciiuently 
somewhat diflicnlt to measure. It decays to half value in the 
short period of 3.7 seconds, Jake llie other emanations, its 
activity is due to the emission of a rays. 

130. Effect of Conditions on Emanating Power."™'rhe dif¬ 
ferent compounds of thorium vary greatly in the amount of 
emanation given off under ordinary conditions. Alllu)ug'h the 
percentage of thorium present in a given weight of the com¬ 
pound may not he very different in the various compounds, yet 
the amount of emanation given off hy eipial weights of the 
different compounds varies enormously. Ihir instance, thor¬ 
ium nitrate in the solid form emits only al)onl ‘/joo as ninch 
emanation as the same weight of thorium hydroxide. I'lven 
different preparations of the same compound vary somewhat 
among thcm.sclves. The oxide of thorium is one of the most 
powerfully emanating compounds of thorium. 'I'he different 
compounds of radium also show tlilTerences in emanating 
power. 

The amount of emanation given off' is, however, independent 
of the nature of the gas surrounding the emanating hotly. If 
the ionization current due to the rays from the emanation he 
measured in different ga.ses it will of course vary with the 
nature of the gas, hut this is due It) the diff’erent amount of 
ionization produced in different gases by llic same rays, and 
not to any difference in the amount of emanation present. 

The rate of cmis.sit)n of emanation i.s also independent of the 
pressure of the gas. Wrap a tpianlily of thorium oxide in 
paper to absorb the a rays given out Ity tlie [luiriiim itself and 
place it in an air-tight ve.sscl of the form represented in h'ig. 
50. Measure the saturation current at cliffcroiit pressures and 
it will be found to vary directly as the pressure. Tint the 
ionization produced hy any radio-active source is proportional 
to the pressure and therefore the source in this instance, which 
is the emanation, must be independent of the pressure of 
the gas. 

The emanating power of a compound of thorium or radium 
depends upon the state of moisture of the gas surrounding the 
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compound. The emanating power is greater in a moist gas 
than in a dry one. The introduction of moisture into the sur¬ 
rounding gas will increase by several times the amount of 
emanation given off. 

If the emanating compound be placed in solution the emanat¬ 
ing power is enormously increased. In some cases it will be 
increased several hundred times by simply dissolving the ra¬ 
dium or thorium compound in water. Experiments show that 
this is really not due to a difference in the rate of production 
in the solid form and in the dissolved state, but that in the 
solid form the emanation when produced is occluded in the 
solid and not allowed to escape so rapidly, while in the solution 
it escapes much more easily. Therefore, to obtain large quan¬ 
tities of emanation it is always advantageous to place the 
emanating compound in solution. 

''J'em])eralure is a very important factor in connection with 
the emanating power of different compounds. If ordinary 
thoria, for instance, be placed in a platinum tube and gradually 
heated up to a dull red heat the rate of emission of emanation 
will gradually increase to several times its original value and 
will continue to escape at that rate if the temperature is main¬ 
tained constant. When the temperature is lowered again the 
rate of cMuission of emanation will return to its original value. 
Also if the temperature is reduced to the neighborhood of 
■— 80" C. the emanating power is reduced to only a small frac¬ 
tion of its value at ordinary temperatures, but is restored again 
when llie temperature returns to its ordinary value. 

J f the thoria, for instance, in the platinum tube be heated to 
a white heat, a remarkable change takes place. At this high 
temperature the emanating power is greatly decreased and on 
cooling the thoria does not regain its emanating power, but it 
is permanently reduced to only a small fraction of its original 
value. This de-emanating, as it is called, of the compound is 
permanent, but its original power of emitting emanation may 
be restored by dissolving the compound and then separating it 
from the solution. Radium compounds may also be de-emanated 
and afterwards restored by a similar process. 
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131. Condensation of the Emanations.—^'Tlu'sc eniaiiations 
act in all respects like gases. One of the most conclusive 
proofs of tlicir gaseous nature lies in the fact that they may be 
condensed by very low temperatures. Rutherford and Socldy 
were the first to show this experimentally and used the fol¬ 
lowing method: The radium emanation is stored in a reservoir 
R (Fig. 66) and may be forced out of the reservoir by raising 



the level of the liquid. This is connected through the stop¬ 
cock .S’ to the horizontal tube above through which a steady 
stream of gas may be sent from a gasometer and on its way 
passes through a bulb B containing drying material. CDE 
is a spiral made from a copper tube of a total length of 3to 
cm. and internal diameter of 2 mm. /' 7 / is a cylindrical test¬ 
ing vessel of the usual form containing an insulated electrode 
Kj so that by connecting this electrode to the electrometer and 
the cylinder to a battery any ionization current produced in the 
cylinder may be measured. If the stopcock 5 be opened and 
the liquid in R be raised while a slow stream of gas is passed 
along the horizontal tube the emanation will he carried 
through the spiral D and into FH, where an ionization 
current will be produced. If the copper spiral J) be im¬ 
mersed ill liquid air the emanation will not reach tlie ves- 
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scl FH, as will be indicated by the fact that, although the 
current of gas is still (lowing, the ionization current in FH 
ceases. If while the .spiral D is immensed in the liquid air the 
slo])C()ck S be closed so as to shut off the supply of emanation 
and then the spiral be retnoved from the liquid air while the 
stream of air through the .system is .still flowing, there will 
1)0, shortly after removal, a sudden movement of the electrom¬ 
eter needle indicating a sudden production of ions in FH. 
'I'hcse experiments show that when the .spiral tube is immersed 
in the licjuid air the emanation which previously passed through 
along with the air is condensed and remains in the spiral, but 
when removed from the li(|uid air and its temperature allowed 
to rise the emanation volatilizes and is then carried over into 
I<fl and manifests itself as ii.sual by producing ions. 

The tem])eralure at which the emanation volatilizes was 
determined in the following manner: A current of about 0.9 
ampere from a storage battery was sent through the spiral by 
leads soldered to the points a and b and this current was meas¬ 
ured by a Weston ammeter M. Two potential leads were 
soldered to the points c and d and the potential read by a milli- 
volttneter N. Any change of resistance in the spiral due to 
change of temperature could be determined-from the current 
and droj) of potential. The copper .spiral was thus used as a- 
resislatice thermometer, and was carefully calibrated by meas¬ 
uring its resistance at the known temperatures of the boiling 
and freezing points of licpiid ethylene and the boiling point of 
]i((uid air. After calibrating the .spiral a quantity of emanation 
was condensed in it by immersing it fir.st in a liquid ethylene 
bath and then still further cooling this bath by liquid air. The 
temperature wa.s then allowed to ri.se slowly, and when the 
emanation made its ap[)earance in the testing vessel FH the 
temperature of the spiral was determined. It was found that 
the radium emanation volatilized at —-iSo^C. 

Thorium emanation, on account of its very rapid rate of 
decay, presents considerahle difficulty in the determination of 
tile temperature at which it condenses or volatilizes. In the 
time reciuired to make observations a very large proportion of 
its activity will have decayed and consequently it is extremely 
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difficult to make definite measurcnuTits. By using special 
methods however Rutherford and Soddy found that the thorium 
emanation began to condense at — ijo" C'., hut that some of 
it might escape condensation even as low as •—150" C. 

132. Decay of Emanation at Low Temperatures.' 'riic rate 
of decay of the activity of these emanations at the temperature 
of liquid air, that is, while tliey are condensed, has also been 
determined, and it is fomul that the rate of decay is unallered 
at this very low temperature, and even the fact of the ema¬ 
nations being condensed does not alTeet the rate of decay. The 
activity of the emanation in the eoudeiised form decays at just 
the same rate as in the gaseous form. 

This may be easily tested in the ease of radium emanation. 
Pass a known quantity of emanation through Ihe .system (Fig. 
66) into the testing vessel at ordinary temperatures and meas¬ 
ure its activity. Then conden.se an ecpial quantity in the .spiral 
and leave it in the condensed slate for a known interval and 
then after allowing it to volatilize pas.s it into the testing vessel 
and mea.surc its activity. Repeat this at increasing intervals 
and determine the regular decay curve, ihir this purpose the 
emanation should be derived from a constant source, that is, 
from a vessel containing a solution of a radium comi)ound 
which is continually giving o(T fresh emanation, for if the 
emanation be stored in a separate vessel its activity will of 
course decay and the source of activity will not he constant. 
Similar results may be obtained with thorium emanation, hut 
the experiments have to he made very rapidly and l>y special 
methods as the rate of decay is so extremely rapid. 

133. Phosphorescent Action of the Emanations.—'The ema¬ 
nations .show marked phosphorescent phenomena similar to the 
phosphorescent action of other radio-active bodies. This may 
be shown by placing a .small (juantily of moist radium bromide 
on a zinc sulphide screen. The luminosity will spread over the 
surface of the screen as the emanation difluses around and 
the luminosity can be made to move about by gently blowing on 
the screen. If the moist radium compound be. placed in a glass 
tube and a stream of air passed through the tube a zinc sul¬ 
phide screen placed at the mouth of the tul)e will be brightly 
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illuminated by the emanation. A variety of materials show 
this phosphorescent action when the emanation comes in con¬ 
tact with them. 

Idiis action is also quite marked at even the low temperature 
of liciiiid air, which may be demonstrated in a very interesting 
manner. Place a (juaiitity of willcmite crystals in a glass U 
tube of about 8 mm. diameter. Connect this to a reservoir 
containing a supply of radium emanation. Immerse the U 
lube in licpiid air and pass a ([uantity of emanation through the 
tube. The etnanalion by being condensed will be left behind 
in the tube. If the tube be removed from the liquid air it will 
be found that the crystals nearest the end where the emanation 
entered the tube, show luminosity while those at the other end 
do not. If the ends of the tube be closed and the temperature 
allowed to rise this luminosity will gradually diffuse throughout 
all the contained crystals. This indicates that the emanation 
l)y being condensed near the beginning of the crystals does 
not reach those farther along the lube, and produces luminos¬ 
ity at this point even at this low temperature, but when the 
lemi)erature rises the emanation volatilizes and is able to 
dilTuse throughout the tube and produces phosphorescence 
ill the remaining crystals. The movement of the emanation 
throngli the tube can thus he followed by the eye. 

After the volatilization takes place and the tube is filled with 
the cMuanation it may he partially concentrated at any point by 
applying to the outside of the U tube a piece of cotton wool 
.saturated with litpiid air. The tube is thus cooled locally by 
the liquid air and the emanation condenses and is concen- 
IraU’d at that point. 

%34. Source of the Emanations.—In a thorium compound in 
eipulibrium both thorium and Th.X arc present. Which 
of tlie.se is the direct source which gives rise to the emana¬ 
tion? If the thorium X he separated in the usual way 
from the thorium compound the thorium residue even in 
.solution will at first emit no emanation, but the solution 
containing the Tli. X will possess unusual emanating power. 
Not only so, but the thorium residue will gradually regain 
its emanating power, while the Th. X gradually loses its 
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power of emitting emanation. The rate at which the tho¬ 
rium regains its emanating power is the same as the rate 
of decay of tlie emanating i)ower of the ‘Th. X. In addition, 
these rates of recovery and decay of emanating power are 
exactly the same as the rales of recovery and decay of the 
radio-activity of tliorinm and 'Ph. .\ respectively, 'riiese re¬ 
sults show then that, since no ematialion is |)roduced just after 
the Th. X is removed and the 'Ph, X itself possesses strong 
emanating power, and besides, since the rise of activity of 
thorium residue is due to the productioti of 'Ph. X and also the 
thorium regains emanating power at the same rate that its 
activity is regained, that is at the same rate, that 'Ph. X is 
produced, the emanation must arise ilireclly from the 'Ph.X 
and not from the thorium itself. Since the activity of the 
Th.X and its emanating power decay at the same rale the 
activity of Th.X is therefore proportitmal to its emanating 
power. According to the theory of successive changes then 
the production of emanation must he a result of the decay of 
Th.X, that is, the Th.X must he gradually changing spon¬ 
taneously into the ematiation. 'Ph. X and the ematialion have 
distinct chemical and physical properties and have ([uite dis¬ 
tinct rates of decay, one heing 3.7 days and the other 54 
seconds. They arc therefore entirely distinct snltstances. 

Similar remarks apply to Act. X and actinium emanation. 
The latter arises directly from the. Act. X. 

There is a difference in the case of radium emanation, for 
no substance has as yet been discovered in connecUon with 
radium corresponding to Th. X or Act. X. As far as is known 
there is no such product as radium X. Radium emanation, 
unlike the other two, arises directly from the radium itself 
without any other product intervening. According to the same 
theory the radium is continuously changing into emanation, 
but as will be seen later the rate of change is extremely slow. 

Since these emanations arc decaying at a more or le.s.s rapid 
rate they must, on following out this theory of successive 
changes, be going through a similar process of transformation 
into some other product. This will be seen in the following 
chapter to be the case. 
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135. Active Deposit.—If a solid body be exposed 
vessel to the einatiation from thorium, radium or actinilAt 4 V; 
its surface becomes coated with an extremely thin, solid deposit ’ 
of material which is intensely radio-active. This active de¬ 
posit, as it is called, is a very extraordinary substance and 
po.sse.s.ses remarkable properties, the study of which has thrown 
an iinmense amount of lip;ht on the processes going on in radio¬ 
active bodies. 

In an air-tight vessel, big. 67, akiut 25 cm. square place a 
heavy lead block (' about 8 cm. square and 12 cm. high. In 
the top of this cut a recess into 
which a small beaker D may fit, /f 
Iti this beaker ]mt a solution 
of either a thorium or radium 
compound. At different posi¬ 
tions, such as li, F and II, jdace 
plates of metal about 3 or 4 
cm. scpiare aud clo.se the vessel 
and leave them for six or eight 
hours. At the end of this time 

remove e.ach of tlie plates separately and placing them in 
a testing ves.sel of the form in Fig. 50, test them for radio¬ 
activity. Observe that they are not only radio-active, but 
that the plates from the different positions in the vessel 
possess practically the .same anKnml of radio-activity when 
tested immediately after removal from the vessel AB. These 
plate.s have thus acapiired radio-active i)ropertics while in the 
ve.ssel. This acciuired property cannot be a result of the direct 
radialitjus given off by the radio-active body in Dj for the 
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of the rays. It must be due to .soinelliin^]^ which is dislri 1 )utccl 
equally thronghont the vessel ruul the only radio-active material 
which is thus eciually distri1)uted is the emanation. 

Make a .similar test for ])lates made of oilier mali'rials, both 
conductors and non-conductors. 'I'lie amount of activity ac¬ 
quired in the same time .should he, jiractically eiiiial in all cases. 
This acquired radio-activity therefore dot's not depend upon 
the material on which it is depmsiled. 

136. Concentration on Negative Electrode. In an air-tight 
metal vessel AB, Fig. 6R, place a quantity of powdered tho¬ 
rium oxide or a solution of radium bromide contained in a 
glass crystallizing dish. 'The lop of the vessel shimld consist 
of a plate which is removable. In the top of this plate insert 
a short metal tube al) about 2 cm. in diaineli-r. Make an 
ebonite stopper to fit this tube and pa.ss a stout wire P through 



this ebonite stopper. Place the wire in position and clo.se the 
joints in the cover with wax and txmnecl the wire to the 
negative pole of a battery of two or three hundred volts while 
the vessel AB is connected to the positive pole of the. battery. 
Allow the system to remain thus for several hours. Then 
remove the ebonite stopper and wire (closing the lube with 
another stopper to prevent the escape of emanation) and lest 
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the activity of the wire in the testing vessel (Fig. 50) and note 
that it is intensely radio-active. Repeat the experiment for 
the same length of time, l.)ut in this case connect the wire to 
the positive pole and the vessel to the negative pole of the 
battery. On testing the wire after the same time of exposure 
it should he practically free from any activity if it has been 
exposed to thorium emanation, hut will possess a very little 
if radium emanation were used. Repeat the experiment again 
without coimecHng either wire or vessel to the battery. On 
testing the wire under these conditions it should possess some 
radio-activity, hut not nearly so much as when the wire was 
charged negatively. 'This active deposit from whatever source 
it is derived may he concentrated on a negatively charged 
electrode hut not on a positively charged one, except to a very 
slight extent in the case of radium. By this method of con¬ 
centration a thin wire may be made several thousand times 
more active per unit area of surface than the active compound 
from which it is derived. 

d'hi.H radio-activity wliich is thus produced in a non-active 
body by e.xposure to an active substance is usually called e.r- 
cited radio-activity. It will be shown later that this activity 
arises from a material deposit called the active deposit. 

1^7, Source of Excited Activity.—-It has been noted inci¬ 
dentally in § T35 that the emanation is the most probable source 
from which the excited activity can arise. This conclusion is 
confirmed by a further study of the conditions governing its 
production. 

In the l)otlom of the apparatus, Fig. 68, place the thorium 
compound or the radium solution in a .shallow vessel which 
may easily be covered over. Cover this vessel with several 
sheets of paper which will cut otT the a rays, but will allow the 
emanation to diffuse through. Connect the central wire to the 
negative pole as before and after a sufficient time test for the 
concentrated activity on the wire. It will be observed that 
the culling o(T of the a rays produces no diminution in the 
amount of active deposit on the wire. The active deposit can 
not arise then from the a radiation emitted by the thorium or 
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radinm. Now cover the vessel with a sheet of mica and care¬ 
fully wax it clown to make it |ras-liji;hl, so that no emanation 
at all may escape, anti repeat the previous test. Observe that 
this time no excited activity is obtained on the wire, 'rids 
indicates that the emanation is essential to the production oE 
the active deposit. This conclusion is further supported by 
the fact that uranium and ptdonium, which do not emit any 
emanation, do not produce any active deposit while radium, 
thorium and actinium, all of which j^dve out emanations, pro- 
cliice excited activity in bodies exposed to their emanations. 
In addition to these facts the amount of excited activity ju-o- 
cluced is always proportional to the amount (d' emanation 
present. This fact may he very easily shown in the ease of 
radium emanation, since it has a lon}^ period of decay. Store 
a quantity of radium emanation mixed with air in a reservoir 
and at intervals of six or eijj^ht hours introduce a meastiri'd 
quantity of emanation into the vessel of h'iijf. (iH, and couceu- 
trate the active detiosit on the central wire. At each suc¬ 
cessive interval the amount of excited activity produced on the 
wire will be found to he less than the amount deposited diirini;’ 
the jircceding interval. 'I'he rate at which the emanalioii 
decays with the time has already Ik-cu measured, and if the 
amount of active deposit he measured hy the current which it 
produces, at each succeediiific interval it will he found to he 
proportional to the amount of emanation present at the corre¬ 
sponding time. IE the ditTerent emanating bodies he examiuetl 
it will be found that the amount of excitetl activity which they 
arc capable of producing is always proiiortitmal to their ema¬ 
nating power. 

This accumulation of facts .shows conclusively that the* active 
deposit must arise from the emanation in each case. In the 
light of the theory of successive changes, as will he shown 
later, the emanation in decaying is really changing into the 
active deposit which forms a further link in the chain of suc¬ 
cessive transformations. 

138. Decay and Rise of Excited Activity from Thorium.- 

Expose a negatively charged wire in the ve.ssel of h'ig. 68 con- 
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taininff thorium oxide for a period of twelve or fourteen hours. 
Then remove it and place it in the testing vessel of Fig. 50 and 
test its activity at intervals of about four hours at the begin¬ 
ning and later at somewhat longer periods. Plot a time- 
activity curve. 'Fhe activity will be found to decay as the time 
advances and the form of the decay curve will show that the 
decline in activity takes place according to an exponential law 
of an exactly similar nature to that representing the law of 
decay in the other radio-active products already studied. The 
time re(iiiired for the excited activity to fall to half value will 
he observed to he eleven hours. 

j':x])ose a fresh negatively charged wire to the thorium 
emanation for an interval of only one hour, and, removing it, 
test its activity as (|nicldy as possible. Replace it as soon as 
possible in the emanation again and leave it for another hour, 
and remove and test again as (juickly as possible. Repeat 
this at intervals of two or three hours for a period of about 
twenty or thirty hours, and after that at longer intervals for 
about three days. Plot a time-activity curve and observe that 
the activity gradually increases with the time of exposure to 
the emanation until it reaches a steady maximum. Note also 
that, except for a little irregularity at the beginning, this curve 
is complementary to the decay curve obtained above. These 
two curves hear to each other a relation exactly similar to that 
which tlie decay and rccf)very curves for Ur. X, Th. X or the 
euianalioiis, hi-ar to each other. It takes time for the active 
de[Kisit to he i)roduced from the emanation and the amount 
of the depf)sil, as measured by the excited activity, increases 
tuilil the eciuililndum slate is reached, when the rate of produc¬ 
tion is etjual to the rate of decay. 

In all the measurements on the excited activity great care 
must he l.aken to ensure that the air in the vessel containing 
the emanation in which the wire is exposed is free from dust, 
as (hist jiarlicles cause the active deposit and its activity to act 
in a very capricious manner. 

If instead of exposing the charged wire to the emanation 
for a period of several hours the interval of exposure be 
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reduced to only a few niiiutles a dilToronl ])lK'iioinenon presents 
itself. I'ixpose the nej>’atively cliarj^vd wire in the emanation 
vessel for about thirty-live or forty miiuiles and remove it and 
test its activity at short intervals of twi'Uty miimles or so, 
and plot the usual time-activity curve. It will he found that 
the activity, instead of hefj;'inninj.f to decay after rt'inoval, at 
first increases in a marked dej^Tee for three or four hours 
until it reaches a inaximuin, and after that decays aecordinj^’ to 
the ordinary exponential law, decaying;' to half its maximuin 
value in the same time as before, namely eleven hours. I f ihe 
time of exi)0sure he made a little lonj.>’er this initial rise after 
removal will not he so marked, and the loni;er the exposure 
the less marked will this initial rise in activity he, until for a 
lonp^ exposure, as already seen, the decay he^'ins immediately 
after removal and no initial rise is observed. 

139. Explanation of the Decay Curves of the Active Deposit 
from Thorium.—The marked dilTerence between the di'cay 
curves for a short and a lonpf exposure indicates that the 
process of transformation, acconlin}.j; to the ji^eneral theory of 
succcs.sive changes, is in this instance somewhat umre compli¬ 
cated than in the cases ])reviously studied. Since, in the ease 
of the short-exposure, the activity at lirst increases, there must 
be a production of active matter after the removal from the 
influence of the emanation. It appears as though there is at 
first a change taking place from either a iion-active or vi'ry 
slightly active substance to a more active one to produce the 
increased activity. These phenomena may be very easily ex¬ 
plained on an assumption of the f(^llowing nature: .Suppose that 
the active deposit is not a simple su1)stanee but a comi)lex 
one consisting of a mixture of at least two substances which 
have been named by Rutherford tliorium A and thorium 11 , and 
suppose that thorium A arises directly from the emanation and 
is first deposited on the wire and then changes into thorium II, 
and finally thorium T 5 then changes into something else, (’or 
a .short exposure the depo.sit will consist almost entirely of 
thorium A, as very little of it has had time to change into 
thorium B. If we also suppose that thorium A cither gives 
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out no rays at all or rays which produce a very small amount 
of ionization compared with those from thorium B, then the 
activity at first will ho very small, due almost entirely to the 
very small ])orlion of thorium B present. If thorium A 
chaiif^vs info thorium H, which in turn decays, then the activity 
will increase until a nia.Kimum is reached, when the change of 
A into I> just halances the decay of H. 1 'hen beyond this stage 
as more atoms of 15 will change i)er second than are produced 
from A the total activity will gradually decrease. In the case 
of the b)ng exposure this maximum has been reached before 
removal from the emanation, and consecpiently no initial rise is 
observed. 

It was thought for some time after discovery that thorium 
A emitted no rays at all and it was termed a " rayless product, 
hut it has recently bc'cn shown that it emits a .slow-moving type 
of [i ra3'S whose ionizing i)ovver is very weak. These two 
substances have hi-en separated by .special means and have been 
shown to be two distinct substances which have distinct periods 
of change, thorium A being half transformed in eleven hours 
while thorium I? re(|uires only one Imtir. 

Still more recently it has been shown that thorium B is 
itself not a simide substance, but consists of at least two sub¬ 
stances which have been called thorium B and thorium C, the 
former bc'ing the parent of the latter. Some very recent 
experiments tif Hahn indicate that this li.st may be still further 
extended tti include another product called thorium D. Thor¬ 
ium B emits only a rays, while thorium C emits not only a rays 
but very probably ami y rays also. 

140. Decay and Rise of the Excited Activity from Radium. 

An examination of the active deposit from radium emana¬ 
tion shows an even more complicated .state of affairs than exists 
among the thorium ])roduet.s. I'he decay curves measured by 
the (lilTereut types of rays .show distinct differences and even 
the form of the eurves Indicate peculiarities not present in the 
curves for thorium. 

'File folhtwing method of obtaining the active deposit from 
radium for a .series of experiments will be found most con- 



212 


EXCITED ACTIVITY 


venient. Dissolve a quantity of nicliiim lironiicle in water in a 
bottle of about three times the capacity of the solution. Fit 
the neck of the bottle with an ebonite sto])per. 
Throti{2fh a hole in this stopper pass a wire 
of .somewhat smaller diameter than the hole as 
.shown in b'ij^. bg, and on this wire tit a collar 
which will allow the wire to pass throiififh the 
.stopper to a definite distance abo\a' the solution. 
When in place the openinj^s in and around the 
stopper may he sealed with was. Connect this 
central wire // to the lU'^^ative poh' of a l)attery 
of two or three hundred volts, while' the other 
pole of the battery is connected throujjfh a larf^e 
resi.stance to earth. Connect the solution in the 
bottle to earth by the wire B which diixs into 
the .solution, d'he emanation colU'cts in the 
Fio. 6g. space in the bottle above the solution and the 
active dejic^sit collects on the charged wire 
siuspcndcd above the dissolved radium. 

Expose this wire for about twenty-four hours to the emana¬ 
tion, Remove it and make it the centnd electrodi' // in a metal 
cylinder of about 4 cm. diameter, as .shown in I'ig. 70. Make 
connections as .shown in the diagram. Around the electrode /I 


m 


earth 
Fia. 70. 

and insulated from it and from the cylinder i.s a metal guard¬ 
ring rr connected to earth to prevent any leakage from the 
battery to the wire. Using the steady deflection method meas- 
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urc the activity of // at intervals of about two minutes for a 
period of about one and a half hours and plot the usual 
decay curve. In the meantime, while these measurements are 
heinj;- made, expose a similar wire for a period of about an 
hour and then detenniiie its decay curve as soon as the first 
delerminalion is linished. Make a third exposure of ten 
minutes and th'lermine the eorresponding' curve. Plot these 
curves on the same scale and compare them. The ionization 
current in these eases is due almost entirely to a rays which 
mip'ht he tested if desired by the usual absorption method. 
Note, the rapid initial drop in the curves and then the slower 
rale of decay hir a time, and then afterwards the’rate beg-ins- 
to increa.se apfuin. Observe that the shorter the exposure the 
slower is tlie rate of di'cay after the initial rapid drop. 

Now repi'at lhe.se e.xperiments for exactly the same times 
of exposure, hut instead of measurinp^ the activity by means of 
the a rays, using' an electrometer, test the activity by means of 
the fi rays emitted by the active deposit. To do this use an 
eleclro.seope of the type shown in .Fig. 14, and cut a hole 
in the bottom of this eleclro.seope and cover it with a sheet 
of aluniinimn b)!! thick enough to absorb all the a rays, and 
then i)lace the active wire just underneath the foil which will 
allow the (i and y rays to ■[)a.ss through and ionize the air 
inside the electroscope. 'I'lic j3 ray.s will however produce, by 
far the greater part of the ionization. The decay curves 
measured by the (j rays will be found quite different from 
those measured by the a rays. 'J'he ^ ray activity of the 
deposit obtained by long exposure will begin to decay at once, 
but comparatively slowly, while the activity of the deposits by 
.short exiiosure will at first increase to a maximum and then 
decrease. 1’he shorter the exposure the greater will be the 
increase, but after the maximum is reached the rate of decrease 
will be practically the same for all exposures, even for the 
deposit by long expo.sure. 

'I'liese experiments shonhl he repeated once more, measuring 
the activity of the deposit by the y ray.s alone. To do this 
set the electroscope on a lead plate about 6 mm. thick, which 
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will absorb both the a and rays, and the ionization in the 
electroscope will be duo to the y rays alone. ()l)tain curves 
for exactly the same times of exi)osure using the y rays. 
These curve.s will be found to be identical with those obtained 
from the rays. I'liis shows that whatever the changes tak¬ 
ing place the and y rays always oeetir together. 

141. Explanation of the Decay Curves of the Active Deposit 
from Radium.—'fhe ixamliar shape of the (U-eay curves as 
determined by the a rays along with the totally dilTerent .shape 
of those determined by the fi and y rays indicate that the 
active deposit from radium must be very complex. 'I'lie a ray 
curves all show a very rapid initial decay for about the first 
ten minutes, followed by a very much .slower rate for about 
thirty or thirty-five minutes, and this in turn is followed by a 
somewhat more rapid rate of di'cay. 'The and y ray curves 
show, except in the case of long' expo.sure, an initial rise in 
activity for about fifteen or twenty minutes, followed by a 
decay. By a process of analysis partly theoretical and partly 
experimental and of a somewhat lengthy nature, the details 
of which arc however beyond the .sco[)e of this course, it has 
been shown that the active deiiosit from radium emanation 
consists in the fir.st instance of three distinct sidislances which 
have been named radium A, radium B and railium t\ Uaditim 
A emits only a rays and in decaying changes into radium B, 
requiring only three minutes to be half transformed. Radium 
B emits /3 and y rays and has a period of twenty-six ininutes, 
while radium C gives out all three tyjie.s of railiations and is 
half transformed in nineteen minutes. The fact that radium 
A emits no or y rays accounts for the initial rise in the 
^ or y ray curves for .short exposure, b’or a .short exposure 
most of the deposit consists of radium A, and therefore the 
^ or y ray activity is very small, due only to the small 
amount of radium B or (1 iiresent. Radium A changes 
rapidly into radium B, which in turn changes into radium Ci, 
both of which give out (i and y rays, and therefore the 
^ and y ray activity increases, until finally the rate of decay 
of radium C is greater than the rate of supply, and therefore 
there is a total gradual decrease. 
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Ill the ease of the a ray curves the a radiation from radium 
A rapidly decays as radium A changes into radium B which 
gives out no a rays, hut it in turn very soon changes into 
ladiuni which again increases the supply of a rays and 
lu-evenls the decay of the a radiation from being so rapid. 
But fnially all the, radium A and H arc changed into radium C, 
and as it changes the a ray activity again diminishes more 
rapidly. 

142. Active Deposit of Slow Change.—After the greater 
portion of the excited activity of the deposit from radium has 
disappeared, which, as wo have seen, takes place in a few 
minutes, there remains a residual activity which decays ex¬ 
tremely slowly. 'I'his residual activity is only a very small 
fractitin of the original activity of the deposit immediately 
after renitival from the emanation. It varies somewhat with 
the conditions hut is of the order of about 1/300,000 part of 
the original activity, being under some circumstances much less 
tlian this and under other.s greater. 

If a platinum iilate he exposed to the radium emanation for 
a period of about a week and then removed and its activity 
tested the rajiid decay of the activity already studied will be 
observed. After an interval of two or three days this rapidly 
decaying activity will have all disappeared, but a small residual 
will remain. I f this residual activity, as measured by the 
a rays, be measured it will be found to increase very slowly, 
and C{)nlim)t‘ to increase for several months, but finally, after 
a long periotl, will ap])roach a maximum. If, however, the 
activity be measured by the /8 rays it reaches a maximum in a 
much shorter interval of only about a month. These results, 
along with {ither determinations extending over lengthy 
periotls, indicate that tins residual active matter is a complex 
substance, consisting of slowly changing products. The results 
of experiments up to date .show that this residual deposit con¬ 
sist {)f four distinct j)roducts, which by analogy have been 
Tianiecl radium I), radium IC, radium 1 ' and radium G. 

'riie jjcriods of transformation for these four products are 
very .slow coinpared with those for radium A, B and C. Ra- 


2i6 


EXCITED ACTIVITY 


dilim D and radium K do not emit any rays, and arc therefore 
rayless products and are half transformed in forty years and 
six days respectively. Radium h' emits and y rays and has 
a period of four and a half days, while radium (i emits ouly a 
rays and its period is K|o days, 'riiese four products are 
called collectively the active deposit of slow chanp-c, while 
radium A, B and tl form a group called the active deposit of 
rapid change. 

143. Active Deposit from Actinium,- A lu-gatividy charged 
wire cxpo.sed to the emauation of actinium receives an active 
deposit ])Ossessing ])roperties very similar to the active deposit 
from thorium, d’his active deposit fmm actinium may he 
studied experimentally in a manner similar to that descril)ed 
in the case of thorium, and it will he found that it is also com¬ 
plex, consisting of three distinct pn)ducts which have been 
called actinium A, actinium B and actinium t\ 'Phe ])eriods of 
transformation are all comparatively .short, being 3(1 minutes, 
2.15 minutes and 5.1 minutes, resiiectively. Actinium A emits 
/? ray.s, actinium B only a rays, while actinium (' emits p and 
y rays. 

144. Some General Properties of the Active Deposits. 1 f 
a wire which is to he made radio-active is carefully weighed 
before and after exposure to the emanation no di(Terence in 
weight will be detected, no matter how long the exposure may 
be, or if the active wire be examined under the microscope no 
trace of foreign matter will he observed. 'These facts alone 
might lead to the conclu.sion that what ha.s been called a de¬ 
posit is really not of a material nature. Other facts, however, 
show that it is really a material dei)osit,but is extremely minute 
in quantity and it would in all i)rohahility escape detection if 
it were not for its power of emitting ratliations. If a wire 
carrying an active deposit, from radium he drawn across a zinc 
sulphide screen a brightly luminous trace is left behind, which 
continues for some time, indicating that .some of the active 
matter is rubbed off and left on the phosphorescent .screen. 
The deposit may also be partially rubbed off the wire by rub¬ 
bing with a cloth, and almost completely removed ])y rubbing 
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with sand paper, and after rubbing the deposit will be found 
on the sand paper. 

A large ])ortion of the deposit may also be dissolved off the 
wire by dipping the wire in hydrochloric or sulphuric acid. If 
the acid he then evaporated the active deposit is left behind on 
the vessel and has not been altered in its properties. The 
active deposit decays at the same rate while in solution in acid 
as it does in the undissolvcd state. 

if a wire containing the active deposit be heated to a white 
licat the activity disappears from the wire. The activity is not 
destroyed, for if the wire he surrounded by a cylinder while 
being lu'atetl the activity will be found on the cylinder after 
heating, Tliis shows that at this high temperature the active 
deptisit becomes volatile and is transferred from the wire to 
the cylinder, 

145. Some other Transformation Products.—Recent inves¬ 
tigations, .some of which have extended over a considerable 
time, have revealed still other intermediate transformation 
I)rodncts belonging to these already large families of radio¬ 
active .sn])stanees. An inlcnscly active body which has been 
called ra<liothorinm has been found in the thorium family. It 
i.s intermediate between thorium and thorium X, and is the 
immediate parent of thorium X. It emits a rays and has a 
peri{)d of transformation of 800 days. 

In addition to this there is another body existing between 
thorium and radiothorinm, which was at first thought to be a 
single substance and was called mesothorium, but quite recently 
this has been still further analyzed by Hahn and found to be 
e{)mplex, con.sisting of two substances for which the names 
mestUlmrinm i and me.sothorium 2 have been suggested. 
Mesolliorinm i ari.ses directly from thorium and is a rayless 
body having a ])erio{l of 5.5 years and gives rise to meso¬ 
thorium J wliieh emits (i and y rays. Mesothorium 2 is half 
traii.sfornied in about 6.2 hours, and in so doing changes 
directly into radiotliorium. 

Tu the actinium series there exists between actinium and 
actinium X a sub.stance of similar properties to radiothorium 


2i8 


EXCITK,!) ACTIVITY 


which from analogy has been called radioactiniuin. ll emits 
a rays and is the inimediak' parent of aetininm X. 

One of the most recent discoveries in tin's connection is that 
of a product which finds a place in the series between nraniuiu 
and nraninm X. It has been proposed to call it ratlio-tiranitnn, 
and it is considered to he the immediate parent of nraninm X. 
Its properties have, not as yet lieen completely investigated. 

From a variety of indirect evidence it lias for a long time 
been thought that there was a close relation between nraninm 
and the radium family. Many attempts have been made to 
prove this experimentally, but with .somewhat indilTerent suc¬ 
cess. Recently however an active body wbicli has Iieen called 
ionium has been located in uranium minerals and lias bei'U 
pretty well proved to be the connecting link. It is Ibongbt that 
this ionium arises directly from uranium X, and is in turn 
itself the immediate parent of radium. The nraninm and 
radium families then form one complete series with ionium 
as the connecting link. 

146. Theory of Radio-active Changes, b'rom a study of 
the various radio-active sub.stances individually and in their 
relation to one another we have seen that there are a series 
of continuous changes from one substance to another taking 
place which so far have never been observed in any otber class 
of materials. Each of lliese substances is entirely distinct from 
the others and has distinct physical and chemical properties. 
They are not permanent snhslances however, but gradnally 
decay, and each one has a distinct and (UTmllc period of decay 
which is its most distinguishing ])roperty and by which it is 
differentiated from all the olliers. 1'he.se changes from one 
substance to another take place wilbcmt the aid of any outside 
agency and in fact are ])raclically nnaffeeted by any external 
influence. ITow do thc.se remarkable changes come about? 
Rutherford and Soddy were the first to olTer a satisfactory 
theory to explain these phenomena. The disintegration theory 
or theory of succcs.sive changes which lliey put forth in the 
year 1902 and which has since been developed is now the gen¬ 
erally accepted one. 
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Radio-active properties have been shown to be properties 
of the atom and not of the molecule, for the activity of radium, 
for instance, de])ends njjon the amount of the element present 
and tiot upon its chemical combination with other elements. 
Accor(]in}>' to the general theory of J. J. Thomson an atom of 
any substance may be considered a complex structure con¬ 
sisting: of positively and ne^Mtively charged particles in rapid 
rotation within its own system and held together by their 
mulual forces in eciuilihrium. For such a system to be perma¬ 
nent it must he in stable eciuilihrium. According to the disin¬ 
tegration tlieory this complex structure, constituting the atom of 
radium (which we shall take as the typical example), becomes 
by some luetins unstable and one of the positively charged a 
particles is suddenly expelled with great velocity. This a par¬ 
ticle constitutes tlie radio-active radiation from radium. The 
structure of the atom which remains is now different and 
constitutes the atom of a new substance, namely, the emana¬ 
tion. These atoms of the emanation are unstable and gradu¬ 
ally clumge by the ex]mlslon of another a particle from each 
atom. 'Phe remaining atom now in turn constitutes the atom 
of a new substance, namely, radium A. These atoms in their 
turn break tip as before, changing into radium B and the 
lirocess is conlimu'd throughout the succes.sivc changes. The 
processes are not identical in all instances, for in some cases 
an a particle alone is expelled hut in others negatively charged 
A particles are expelled accomiianicd by y rays, while in other 
eases the change consists in giving out all three types, a, /? 
and y rays. 'The production of one radio-active product from 
aiiollier consists, according to this theory, in the disintegration 
of the atom by the expulsion of a positively or negatively 
charged parliele or liolli owing to the .system of which the atom 
is ecimposed luroming for some reason unstable. The radio¬ 
active iiropcrty of the substances is the result of this disinte¬ 
gration by expulsion of charged particles. The radio-activity 
is an accdtupunimcnt of the disintegration of the atoms. 

Why do these atoms suddenly become unstable and break 
up witlmnt any apparent cause? Several explanations have 
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been offered to account for this, but the most probable one 
seems to be that if this system of charf^cd particles, of which 
the atom in all probability consists, is in rapid rotation it must 
be radiating energy, and when suflicient energy has heem radi¬ 
ated the mutual forces of the system no lunger l)alance and 
one or more of the particles escape and cause, disintegration. 

These atoms of the radio-active sul)stances have an indepen¬ 
dent existence and distinct physical and chemical properties, 
but they differ from the atoms of ordinary non-radio-active 
elements in the fact that they are not permanent. 'J'hesc pro¬ 
ducts arc however just as truly elements while they last as are 
the non-radio-activc elements. To distingul.sh these- unstable 
atoms from the ordinary atoms the term metabolou ha.s been 
suggested as a convenient name. 

We have observed in a few instances that the transformation 
products do not emit any rays at all, and the change from them 
into the succeeding substance apiiarently takes place without 
the expulsion of any particles. These “ rayless ” changes may 
be explained in cither of two ways. The new product may be 
formed simply by the rearrangement of the system of charged 
particles among themselves within the atom without the ex¬ 
pulsion of any of them. The new atom may consist of the 
same set of particles arranged under a new system. This 
rearrangement may not take place with sunicient violence to 
expel any of the members of the system. 

Another hypothesis which would explain the rayless change 
is that it may be caused l)y the ex])ulsion of one or more 
charged particles, but with a velocity too .slow to ionise the gas. 
Experiments .show that when the velocity of the a particle 
falls below lo® cm. per second it cea.ses to ioni?;c llic gas, 
and consequently an a particle expelled with a velocity l)clow 
this minimum would escape detection, since it produces no ions. 
The so-called rayless change thus might he caused by the ex¬ 
pulsion of an a particle willi a velocity below the minimum 
necessary to produce ions. This hypothesis receives some .sup¬ 
port from the fact that in a few instances certain products 
were considered for a time to be rayless, but further investiga- 
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tion revealed the existence of slow-moving charged particles 
arising from them, which, being very weak ionizers, had 
escaped detection. 

The latter hypothesis suggests the possibility that all matter 
might he nndergoing a very slow change in a similar manner, 
and that the only reason this change has been observed in the 
so-called radio-active bodies and not in the non-radio-active 
hculies is that in the case of the former the charged particles are 
expelled with siiOicient violence to ionize the gas, while in the 
latter case they may he expelled but not with sufficient violence 
to produce itms. To decide this question experimentally ap¬ 
pears to be i)ractically impossible unless some means, other than 
at present known, of detecting such slow-moving particles be 
discovered. 

147. Summary of Radio-active Elements.—Since the dis¬ 
covery of radio-activity the list of radio-elements has grown 
rapidly. (Hving to the persistent energy of experimenters in 
this line the list is continually receiving additions, and in all 
probability there still remain others to be discovered. In fact, 
during the writing of this book two new radio-elements have 
been added to the list. 'Hie following table contains a sum¬ 
mary of all the. radio-active elements at present known with 
some of their distinguishing characteristics. On account of 
the incomplete state, of the subject further experimental inves¬ 
tigation and still more accurate determinations will no doubt 
cause additions and alterations in connection with this table. 

The first column gives the elements in the order in which 
they are transformed from one to the other; the second column 
.show.s the period retjuired for the transformation to be half 
comf)leted, while the third indicates the nature of the rays 
emitted by each product. 
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TABLE OF RADTO-ELEMENTS 
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3.7 days 

a 

F 






Emanation 

3-75 days 

rt 

Emanation 

54 seconds 

rt 

4' 



4' 



Radium A 

3 minutes 

a 

Thorium A 

II luiuns 

Slow/I rays 

4' 



4^ 


Radium B 

26 minutes 

P and y 

'riiorlum H 

X hour 

nt 

F 



4' 



Radium C 

19 minutes 

a, P, and y 

T'horium C 

? 

«, p, ami y 

4' 



4- 


Radium D 

40 years 

Rayless 

Thorium 1 ) 

? 

? 

(Radio-lead) 



4/ 



i 



? 



Radium E 

6 days 

Rayleas 

Actinium 



4' 

? 

Kay less 

Radium F 

4. S days 

p and y 

4' 



4^ 

Racliuaclinium 

19.5 days 

rt 

Radium G 

140 days 

a 

4' 



(Polonium) 


Actinium X 

Xo days 

a 




41 



? 



Emanation 

3.7 seconds 

n 




4. 






Actinium A 

36 minutes 

p 




4' 






Actinium B 

2.15 minutes 

a 




4. 






Actinium C 

5.1 minutes 

p and Y 






---- 

____Tnr-.r-„ _.j 

J 

? 










CPTAPTER XV. 


A Sl>I-CrAL METHOD OF ANALYSIS BY ABSORPTION 
CURVES. 

148. In llic ])rc‘.sc‘nt chajitor a account will be given of 
a special cxperinionlal nictliod of radio-active measurement 
which has been used to groat advantage and which has led in 
some instances to im])ortant discoveries. 

149* Homogeneous Source of cl Rays.—In several important 
invesUgalions on a rays, e.siiccially those involving accurate 
(|uantilalive delerminations of their constants, it is very neces¬ 
sary to have a homogeneous source of a rays. This cannot 
he obtained from the ordinary radium compounds in equi- 
lihrinm, for these conqKmnds arc complex, the different con¬ 
stituents emitting rays of different velocities. A very con¬ 
venient source is furnished by the active deposit from the 
radium emanalitm. If a fine copper wire be exposed to the 
radium emanation for about two hours an active deposit, con¬ 
sisting of radium A, H and C, is the result, of which radium 
11 emits no a rays, so that all the a rays come from radium 
A and But the activity of radium A very rapidly decays, 
reacliing half value in three minutes, so that at the end of 
about fifteen minutes after removal from the emanation ra¬ 
dium A has ]!raetically disap])cared and therefore radium C 
is the only source of a rays, which thus furnishes a homo¬ 
geneous .source. 

Radium (' deposited in this manner has other advantages as 
well. It may he deposited on a very fine wire, and therefore 
a .source of very small dimensions may be used. In addition, 
the C(tating of deposit on the wire is so extremely thin that 
there is nt» absorption of the rays due to passage through the 
active material. 

h'here is one slight disadvantage in regard to this source 
owing to the fact that its activity decays with time. This how¬ 
ever is not serious, as the rate of decay has been so carefully 

m 
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determined and this determination may be repeated in each 
case simultanconsly with the other measurements if necessary, 
that the rate of decay is known and thus the, n'adiiif^'s can 
always be corrected for a constant source. 

This source of a rays has 1 )ccn utilized in a nuin 1 )er of im¬ 
portant determinations, .such as the majj^nelic and eU'clroslatic. 
deflection of the a rays in the determination of the velocity 
and the value of c/in (see §110), and the determinalion of 
the range in air over which these rays produce i()ni/.<'ition, or 
photographic or phosphorescent action. 'Phe change in veloc¬ 
ity and the absorption of the a rays in passing through matter 
has also been determined by using such a source. 

150. Theory of Analysis by Absorption Curves. -We have 
seen that the a rays arc ahsor])cd in passing through gases and 
that it requires only a comparatively few centimeters of air to 
completely absorb them, that’is, they have a (h'flnite range 
in air. The a particle in pas.sing through the gas ionizes it, 
and as ionization requires energy the energy is obtained at 
the expense of the kinetic energy of the moving particle, and 
finally its velocity is reduced ])elow that re([uired to produce 
ions and complete absorption Is the result, as it is not observ¬ 
able after it has lost its ])ower to ])roduce ions, d'he range of 
complete absorption will be different for the a rays from 
different sub.stances, since they are projectetl with dilTerent 
velocities. 

Suppose that a thick layer of a single. radIo>;ictive element 
J< (Fig. 71) be placed in the bottom 

A _of a deep rece.ss in a lead block so as 

to obtain a dermlte cone of a rays. 
T.et //, a metal plate, and /i, a .sheet 
of wire gauze parallel to A at a 
fixed distance from it of 2 or 3 mm., 
form an ionization chamber. The a 
rays from R come from different 
depths in the material, and therefore 
those arising from the lower laycr.s 
will be absorbed more before they 
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Fig. 71. 
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emerge into the air than those from the layers nearer the 
surface. Consequently a rays of velocities extending over 
a consi(leral)le range will emerge 'at the surface and ionize 
the air. If the chamber AB he placed above the source at 
a distance beyond the range of the swiftest particles no 
ionization will be produced in AB since no rays will reach 
it with sufficient velocity to ionize. The area of both A 
and B .should be great enough to cover more than the whole 
cross-section of the cone of rays. If AB is gradually lowered 
the rays of greatest range will first enter it and produce a 
small amount of ionization, and on lowering it still farther the 
rays of next greatest range will reach it and increase the 
ionization. By continuing to lower AB the ionization will 
gradually increase, because more and more rays enter it the 
nearer it is to the source. Consequently, if a curve be plotted 
showing the. relation between ionization and distance from the 
source it would take the general form of the straight line MN, 
h'ig. 72, where the ordinates represent distance from the source 
and the ahscissne the ionization. Idie ionization increases as 
Uie source is api)roached. 

1 f however a thin layer of ma¬ 
terial be used at R instead of the 
thick one the rays will be much 
more nearly homogeneous. The 
gradual increa.se will take place 
over a much shorter range and 
within a certain distance of the 
sotirce all the rays will enter AB 
and the curve will take the form 
At the di.stance correspond¬ 
ing to P all the rays enter AB and 
therefore the ionization does not 
increase any more by further approach towards the source. 

If a thin’layer of’a complex radio-active body con.si.sting of 
two or more active elements, from each of which a group of 
ray.s ari.ses with initial velocity different from the others, be 
used as source the curve will be a little more complicated and 
will take the general form .shown in Fig. 73, supposing the 
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source consists of a mixture of three simple substances. The 
part RS corresponds to the rays from one source which arc of 
greatest range, and if these were the only ones present the 
curve would continue along the dotted line S\-l. At the distance 

corresponding to .S' the 
group of rays from the 
second source of next 
greatest range make 
their appearance in the 
ionization chamber and 
constitute the part SI' 
which, if there were, no 
more, would continue 
along 77 k Similarly the 
third .source corresponds 
to the part 7'/7 This 
method of investigation furnishes a powerful method of 
analysis in certain lines, and by its application the ])resence of 
some of the radio-elements have been first discovered. 

151. Experimental Arrangement for Analysis. 'The !i])pa- 
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for this ly]K' of investigaliou. PM is a metal box about 25 
cm. scjuarc. /I is the upper plate of the ionization chamber 
consistiiif^ of a central plate about 12 cm. square surrounded 
h\' a ^niard-riiif^-. 'J'he. central plate is insulated and supported 
hy the ebonite arches c and d. B is a sheet of wire gauze 
of iine wire but wide meshes of about 2 or 3 mm. supported 
and insulated by ebonite blocks, as shown, at a distance of 3 
mm. from . 'Phis whole system is supported from the cover 
of the h(^x. 

The receptacle R for holding the radio-active body consists 
of a 1 )rass 1 )lock about 3 cm. stinarc made in two sections. The 
lower h.'df has a shallow recess cut in the center of the upper 
face, while the iqqier half has a corresponding central hole 
of less dianu'ter than the recess in the lower section. The 
two parts are made to fit together in a fixed relative position. 
They may be sejiarated and the radio-active body placed in 
the recess of the lower section and then the upper one placed 
over it so that the radiations can emerge only through the hole 
in the upper block, This is sui)ported on an upright H which 
pas.ses through an oiiening in the bottom of the box, and which 
may be movetl vertically by a screw and the distance of R from 
// measured by a scale along the side. The source of rays 
can thus be placed at any distance from A and the ionization 
in . //f measiireil in the usual manner. 

Place about 5 milligrams of radium bromide in R and meas¬ 
ure the saturation current between A and P for different dis- 
tance.s of R from . / over a range of about 8 cm. Plot a curve 
with distances as ordinates and current as abscissae. Observe 
the tlinVreiil straight line sections of the curve showing the 
cmuplex nature of the source. 

Ileal a s[)eeinien of this radium bromide to drive off its 
enmnatinii ami other products and then redetermine the curve. 
{Jhserve that it is of a much simpler character than in the 
former in.Htanee, showing that the source is less complex. 

h'.xpose a thin coiiper wire in radium emanation for a couple 
of hours to obtain an active depo.sit upon it. Remove the wire 
and use the ratlium C as the source of radiation as described 
in § t4(). Using the steady deflection method determine an 
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experimental curve for current and distance for the radium C. 
The curve should take the form shown in Fig. 75, which i.s a 
specimen curve obtained by actual experiment in an investiga¬ 
tion by the author. Since the radium C decays during the time 
of the observations, the readings must be corrected for the 

decay of the source. This 



may be done by bringing 
the source R back to a 
fixed position after aliout 
every four or live readings 
and measuring the current 
for that position, and at the 
same lime observing the 
time intervals. d'he rate 
of decay can thus be ob¬ 
served and the nece.ssary 
correction made for a eon- 
Stan I source. 

If a sam])le of radiotho- 
rium is available determine 
a corresponding curve, 


using it as the source of 
rays. Tt will be fountl to 
consist of two di.stinct 
parts, .showing the com¬ 


plexity of the source. It was by a determination of this very 
curve for radiothorium that Tfahu discovered the previously 
unknown or unsuspected substance, thorium C. 

These expcrimenls all show that the a particles emitted by 
different radio-active substances have dcfiuilc ranges over 
which they will produce ioniKatiou and that the ioniKition stops 
abruptly at given distances from the source, the.se distances 
depending uiion the velocity of initial projection. 

Instead of detecting the a rays by the ionization produced, 
their presence may be detected by the scintillations produced 
on a zinc sulphide screen. Their range of action should he 
determined by this method and it will be found to he the same 








CITAPTER XVI. 

RADIO-ACTIVITY OF THE ATMOSPHERE. 

152. Loss of Charge ia Closed Vessels.—Make an electro- 
.scope of the form .shown in Fig. 14 of about 500 c.c. in volume. 
For thi.s piiri)ose a perfectly new one should be made, and do 
not under any circumstances use one that has been connected 
in any way whatever with other radio-active measurements. 
In addition, ci'cry portion of the material used in its manufac¬ 
ture slioiild 1)0 ab.sf)hilely free from the slightest chance of pre¬ 
vious contamination by any radio-active body, and all the 
merusurcmenls which arc to follow should be made in a labo¬ 
ratory where no radio-active material has ever been used. 

h’or this pnrpo-se it will be found convenient to select a brass 
lube about 8 cm. diameter and 10 cm. long for the containing 
vessel. C.'lose the ends by brass ])lates so as to be air-tight. 
'J'horoughly clean every portion of the surface of the brass 
with emery jiaper. Arrange the insulated system as in Fig. 
14. Instead of the charging arrangement F, attach a very 
llc.xible jiiece of steel watch sj^ring to the lower end of the 
rod n, as shown in (a), Fig. 14, and bend it into a convenient 
.shape HO that it will not touch the sulphur head and will also 
hang^ clear of the lower rt)d //, but so that the lower end of the 
spring may be brought temporarily in contact with H, either by 
bringing a .strong magnet near it or by tilting the whole elec¬ 
troscope and slightly jarring it. This arrangement will allow 
the in.strumenl to be made gas-light. 

Set this electroscope up in a room perfectly free from the • 
.sliglUcst contamination from any radio-active material and fill 
it with perfectly dry and dii.st-free air. Charge up the gold 
leaf .sy.slcm to about 200 volts and observe any slow movement 
of the gohl leaf in the usual way by a reading microscope with 
micrometer eye-piece. During these readings keep the rod D 
permanently connected to a battery of 200 volts. 
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Observe that the potential of the leaf system slowly 
decreases. This decrease cannot ])e due to iiuperreet insula¬ 
tion of the sulphur head, for since D is inainlained at a con¬ 
stant potential as high or higher than the gold leaf any leakage 
across the sulphur would take place from P to the gold leaf 
instead of the other way and lend to niaiiitriin the potential of 
the gold leaf instead of allowing it to decrease. 'The h'akage 
must then he through the air and must therefore he ihie to the 
presence of ion.s in the air. 

Determine the electrostatic ca])aeity of the electroscope and 
measure the current per second corresponding to this slow 
leak, and, assuming the charge on the ion (§Si ), calculate the 
niiinber of ions produced in the air per second in tin* volnnu' 
contained in the electroscope and then determine tiu' nnniher 
per cubic centimeter. 

A great variety of experiments of this nature have been 
performed by a muiiber of observers and it is fonnd that there 
are always a few ions present in the air or any other gas, but 
the number varies .somewhat under din'erent conditions. (lases 
thus always possess at least a small amount of conductivity. 
Every electroscope has therefore what is usually termed its 
natural rate of leak, and in using the electro.seope for making 
radio-active measurements this natural rale of leak must 
always be independently determined and subtracted from the 
total rate of leak. 

153. Effect of Conditions on the Natural Leak. Mi-asure 
this natural rate of leak for the air at ditTerenl pressures in the 
electroscope. Note that it is appro.ximalely proportional to the 
pressure. Measure also this natural conduclivily for various 
gases at the same prc.ssure and note that the greater the density 
the greater the conductivity, although it is not (piile propor¬ 
tional in all cases. 

If the electroscope he surronndecl underneath and on all sides 
by lead sheets about 5 cm. thick the natural rale of leak will 
be diminished by quite a large percentage, but a further increase 
in thickness of the lead will cau.se no further diminution in the 
conductivity. This indicates that part at least of the imltiral 
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cotulcclivity is due to a very penetrating radiation of some sort 
from tlie earth and air. 

154. Excited Activity in the Atmosphere.—Suspend a cop¬ 
per wire, T2 or 14 meters long, in the open air and keep it 
charged to a high negative potential of about 10,000 volts for 
an hour or two l)y connecting it to the negative pole of a Wims- 
hurst machine. '.Phen remove it and quickly wind it back and 
forth on an ojien rectangular framework about 80 cm. long and 
20 cm. wide. Susi^end and insulate this frame in the centre of 
a metal cylindc'r of abemt 25 cm. diameter and 100 cm. long. 
'Pest in the usual manner by means of a sensitive electrometer, 
for an ionization current between the cylinder and this wire 
acting as the central electrode. The wire will be found to be 
radio-active and to act in all respects like a wire made active by 
exposure to an emanation. The activity of the wire can be 
partially removed by rubbing and by dipping the wire in acid 
solution, 11 also decay.s with time, falling to half value in about 
three cpiarters of an hour. Obtain a decay curve for it in the 
usual manner. 

Since under no other circumstances has an active deposit 
of ibis nature bc'cn obtained except in the presence of an ema¬ 
nation it appears from these results that there must be an 
emanation (if some sort in the atmosphere. This question 
has been investigated by different observers using different 
methods, and it has been shown that both radium and thorium 
eniatiations are present in the atmosphere. The amount of 
these emanations in the atmosphere is different in different 
localities. 'Phe excited activity obtained on a negatively 
charged wire in the air is due to a mixture of the active 
deposits from both radium and thorium, but on account of the 
very rapid decay of thorium emanation most of the activity 
ari.ses from tlie radium emanation. It is not surprising that 
tlu'sc emanations should be found in the atmosphere, for since 
both radium ami thorium are known to be distributed among 
(litTerent deposits througlumt the earth the emanations must 
be eonlinually dilTusing into the atmosphere in small quantities. 
The presence of this radio-active matter in the air will explain 
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to some extent at least the natural conductivity of the 
atmosphere. 

If freshly fallen snow or rain be collected and quickly evapo¬ 
rated to dryness in a platinum vessel the residue will he found 
to be radio-active if tested hy an electroscope. This active 
residue acts in a manner similar to that of the active deposit 
obtained on the negatively charged wire exposed to the atmos¬ 
phere. The rate of decay of the active residue fnnn snow 
or rain is a little more rapid than the rate of decay of the 
active deposit on the wire. The falling rain or snow appar¬ 
ently carries down this active matter from the atmosphere and 
it remains behind after evaporation of the rain or .snenv. 

Meteorological conditions arc observed to innucnce the amount 
of excited activity obtainable from the atmosphere to a cf)!!- 
sidcrable extent. The amount of excited activity is subject 
to great variations. The activity is greater at the tempera¬ 
tures below 0° C. than at those above o” C. The lowering of 
the barometric pres.sure causes an increase in the amount of 
excited activity. 

155. Present State of the Subject of Atmospheric Ioniza¬ 
tion.—The whole subject of the radio-activity of the atmos¬ 
phere is a wide one, as there is such a variety of existing con¬ 
ditions to be taken into account. It is influenced by meteoro¬ 
logical conditions, by the presence of any radio-active de¬ 
posits in the neighborhood and hy particular local conditions. 
There arc also different kinds of radiations which unite to 
produce this conductivity of the air, some of which are very 
easily absorbed and others of which arc extremely penetrating. 
The conductivity is so complex and also subject to such fluctu¬ 
ations that it is difficult to obtain perfectly cUTinitc results on 
which a satisfactory general explanation may he based. A 
great deal of work has been done on this subject, but there still 
remains a considerable amount of very careful investigation to 
be carried out in order to place the subject on a satisfactory 
basis. 
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ttf screetis mxl connections, 17 
key, 20 

of electroscope, ac) 

Iflionite 

as insulator, 18 
Fleet ric field 

action on ionized gas, 63 
Flectronieter, tpiadrant 
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absorptitin of by Rases, 164, ifiy 
origin of, 18a 
ticiger and Kutlierford 

(see Hntberfonl and (ieiger) 
Cdow 

negative, 4 
t loldstein 

discovery of eaind rays, 5f 
(luanbring, yy 

llalm 

separation of thorium 1), .111 
Irnimrorniation products of tho¬ 
rium, jxy 

discovery of lluirimu (', .‘.!8 
" Hard” and " Soft " X rays, 55, 64, 
y8 

Helium 

identity of « intiiiide with he 
Hum alum, iHi 

found in old radio active min¬ 
erals, tHt 

Hertz 

penetration of nolid Imdy hy 
cathode rays, 40 
Homogeneous fionrec 
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theory of, 74 
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Niuuber 

of /? particles emitted, T73 
of a particles emitted, 173 
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Photographic action 

of Rontgen rays, 59 
of rays from uranium, 128 
of rays from thorium, 133 
as means of differentiation, 153 
test compared with ionization 
test, 156, 184 
of Ur. X, 184 
Pitch-blende 

activity of, 133 
as source of polonium, 134 
as source of radium, 134 
as source of actinium, 135 
Platinum 

ionization from heated, 112 
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discovery of, 134 
decay of activity of, 134 
nature of radiations from, 134, 
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tive deposit, 208 
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definition of, 4 
change in length of, 5 
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Pressure 
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effect on absorption of a rays, 
168 

effect on emission of emana¬ 
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Pumps, 35 

Quadrant electrometer (see elec¬ 
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photographic action of, 127, 128, 
156 

discharging power of, 129 
emitted by thorium, 133, 144 
emitted by polonium, 134, 152 
emitted by radium, 134, 144 
emitted by actinium, 135 
complexity of, 141 et seq., 159 
different types of, 143 
absorption of, 90 et seq., 159, 
162 et seq. 

deflection of, 145 et seq. 
general properties of, 153 et seq. 
methods of differentiating, 153 
relative ionization by, 153 
complexity of /3 and a rays 
from radium, 159 
special constants of, 172 et seq. 
emitted by Ur. X, 184 
emitted by thorium emanation, 
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emitted by radium emanation, 

197 

emitted by actinium emanation, 
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emitted by thorium products, 
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emitted by active deposit of 
radium, 214, 216 
emitted by active deposit of 
actinium, 216 

emitted by radio-thorium, 217 
emitted by mesothorium, 217 
emitted by radio-actinium, 218 
Radio-actinium, 218 
Radio-active changes 
theory of, 218 
Radio-active elements 
table of, 222 
Radio-activity 

discovery of, 127 
application of term, 133 


17 


242 


INDEX. 


Radio-activity 

accompaniment of disintegra¬ 
tion, 219 

of the atmosphere, 229 et seq. 
of snow and rain, 232 
Radiothorium 

radiations emitted by, 217 
analysis of by method of ab¬ 
sorption curves, 228 
Radiouranium, 218 
Radium 

discovery of, 133 
activity of, 134 

quantity of, in pitch-blende, 
134 

source of, 134 

complexity of rays from, 144 
et seq. 

deflection of /3 rays from, 145, 

150 

deflection of a rays from, 147, 

151 

relative ionization by rays from, 
iS4 

photographic action of rays 
from, 157 

phosphorescent action of rays 
from, 158 

complexity of /3 rays from, 159 
complexity of a rays from, 159 
“ clock,” 173 

theory of successive changes in, 
188 

emanation, 196 

rise of activity with time, 197 
emanating power of, 198 
de-emanation of, 199 
as source of emanation, 204 
excited radio-activity from, 205 
et seq. 

decay of excited activity from, 
211 et seq. 

transformation products of rapid 


Radium 

transformation products of slow 
change, 215 

relation to uranium, 218 
parent of, 218 
structure of atom of, 219 
Radium A, 214 
Radium. B, 214 
Radium C 

as source of a rays, 177, 223' 
rays emitted by, 214 
absorption of a rays from, 227 
Radium D, 215 
Radium E, 215 
Radium F, 215 
Radium G, 215 
Rain 

radio-activity of, 232 
Rayless products, 216, 217 
Rayless changes 

discussion of, 220 
Recombination 

of ions, 88 et seq. 

Rontgen 

discovery of rays, 53 
Rontgen rays 
origin of, 53 
discovery of, 53 
velocity of, 53 

production of, by focus tube, 41 
phosphorescent action of, 53, 55 
penetrating power of, SS 
59 

“hard” and “soft” rays, 55, 
64, 78 

absorption of, 56 et seq., 59, 79 
use of lead as screen from, 57 
photographic action of, 59 
conductivity produced by, 60 et 
seq. 

quantitative measurements on, 
64. et seq. 

current in air produced by, 70 
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Rttlbcrfortl 

clcflcclion of a rays, 147 
effect of pressure on ionization, 
i6() 

curves showing effect of dis¬ 
tance 1)ctwecn plates on cur¬ 
rent, 171 

velocity ami ejm for a rays, 
177 

charge carried by gaseous ion, 
180 

discovery of emanation, 190 
rays emitted by emanation, 193 
Riitherrord and Tteiger 

t'harge carried by a particle, 
t74 

number t)f a particles emiUecl, 

174. 17.^ 

Rntherfitrd ami MeCilung 

absoridion of X niys by gases, 
B 3 

Rutherford and Hmldy 

separation of Th. X, 183 
decay ami recovery curves for 
uranium and Ur. X, 185 
theory of Hiicceasivc changes, 
1H8, aiH 

condeUMaliou of emanations, 20(t 
Rutherford and Thomson 
theory of ionization, 74 

.Huluration 
curve, 7 .t 
current, 7.1 
exidnnation of, 75 
curve for uranium rays, 13^ 
SeinlilUuions 

by a rays, xsB, 

used to count a particles, 17S 
used to delect a rays from 
radium C, saS 
Screening 

of electrometer, 17 
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Screening 

of apparatus from Rontgen rays, 

57 

Screens 

phosphorescent, 55 

lead as protection from X rays, 

57 

to limit beam of X rays, 57 
Snow 

radio-activity of, 232 
Soddy and Rutherford (see Ruther¬ 
ford and Soddy) 

"Soft” and "hard” X rays, 55, 
64, 78 

Spark, electric 
discharge, 2 

relation of, to potential, 2 
explanation of, 106 
Standard 

test ionization apparatus, 80 
Standard cell 

use of with electrometer, 22 
Standardization 

of electrometer, 22 
of electroscope, 31 
of condenser, 34 
Steady deflection 

description of method of, 136 
Striai, 4 
Strutt 

electrometer condenser, ii 
“ radium clock,” 173 
Successive changes 

theory of, 187, 2:8 
Sulphur 

as insulator, 18 

precautions in regard to, 19, 28 
head for electroscope, 28 
condenser, 33 
Suspension 

of electrometer needle, 9, ii, 12 
quartz, ii 
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